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T h e  B i o d é g r a d a t i o n  o f  T a l l o w  b y  T rich od erm a  h a rzia n u m  R i f a i  
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John Flem ing, 
School o f B iotechnology, D ublin  C ity U niversity.
Wastewater, activated sludge and tallow  were used as sources o f  organisms in 
enrichment cultures to screen for species capable o f degrading the hard fat, tallow. 
A total o f 58 strains were isolated, o f  which seven non-filamentous and two 
filamentous organisms removed greater than 20% of 20g/l tallow from batch 
cultures.
Optimum fat removal o f 83% by the strain F2, identified as the fungus 
Trichoderma harzianum Rifai RP1, was observed in cultures buffered to pH 6, 
incubated at 25°C, shaking at 130rpm using lg/1 tallow as the sole carbon source 
with no added surfactant, using an inoculum of one 5-day old 8mm mycelial agar 
plug.
Growth followed Monod kinetics, with a ks o f 0.758g/1 and p max o f 1.438 day’1. 
Glyceride hydrolysis was efficient, but free fatty acids, mainly palmitic, stearic 
and oleic acids, accumulated in the culture supernatant. Accumulation of 
intracellular lipid was observed, increasing during incubation to account for 35% - 
55% o f biomass. Intracellular lipid was predominantly composed o f triglycerides 
and free fatty acids. No fatty acid preference was evident in this accumulation.
In cultures w ith a mixture o f palmitic, stearic and oleic acids as sole carbon 
source, up to 97% removal was observed with 0.12g/l o f the fatty acid mixture. 
Oleic acid was assimilated by RP1 more readily than the two saturated fatty acids. 
Accumulated intracellular lipid accounted for varying proportions o f biomass, 
from 9% to 47%. Free fatty acids were the dominant lipid class intracellularly, 
w ith lower concentrations o f  triglycerides. Stearic acid accumulated in the 
intracellular lipid to a greater extent than palmitic or oleic acids.
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1. In tro d u ctio n
1.1 Fungi
Fungi are a morphologically diverse group o f microorganisms. They are a kingdom 
of eucaryotic organisms that possess (3-glucan / chitin cell walls, can grow in the form 
of filaments, and reproduce by means o f spores. They are heterotrophs that digest 
external organic matter and import it into the cells by active transport (Cavalier- 
Smith, 2001). They can be as simple as unicellular yeasts, or as complex as the 
fruiting bodies o f mushrooms and toadstools. The most commonly encountered fungi 
are the yeasts and mushrooms, as well as a diverse range o f moulds.
The filaments o f fungi are called hyphae, which are collectively referred to as 
mycelia (Onions et al., 1986). These hyphae may be divided into cell-like units by 
septa. However, where septa are present, the movement o f cytoplasm and sub-cellular 
organelles is facilitated by pores in the septa (Griffin, 1994). M any mycelial fungi are 
dimorphic and can exist in a unicellular form, as yeasts. Numerous species do not 
display typical characteristics o f fungi but have been found to belong to the kingdom 
Fungi using molecular biological techniques. In a similar way, some organisms which 
appeared to be fungi have been found not to belong to the kingdom Fungi (Cavalier- 
Smith, 2001).
Fungi reproduce by simple growth o f the mycelium or by means o f spores. Spores 
can be produced sexually or asexually. Sexual reproduction occurs through mating of 
two specialised hyphae to form a spore, genetically different from either o f the parent 
fungi. Spores formed in this manner include the oospores and zygospores o f the 
M astigomycetes and Zygomycetes and the ascospores and basidiopores o f the 
Ascomycetes and Basidiomycetes (Onions et al. 1986). Asexual reproduction does 
not involve mating and transfer o f  genetic material. The spores are formed on 
specialised hyphae in many different ways. The asexual spores o f the Ascomycetes,
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Basidiomycetes and Deuteromycetes, called conidia, are produced, for example, by 
budding, extrusion from pores or ‘blowing out’ o f a hyphal tip (Deacon, 1984). The 
asexual spores o f the Mastigomycetes are motile, possessing two flagella, and are 
called zoospores. They are produced in a sporangium by cytoplasmic cleavage. The 
asexual spores o f the Zygomycetes are produced in a similar manner in sporangia, but 
are not motile (Deacon, 1984). The diversity o f reproductive structures o f  the fungi 
allows them  to be used as a diagnostic feature during species identification.
The taxonomy o f the fungi is complex, with much debate evident in the literature on 
correct classifications. However, the classification by Ainsworth (1973) has been 
widely used (Deacon, 1984, Onions et a l ,  1986, Berry, 1988, Griffin, 1994). In this 
system o f classification, the Fungi are divided into the M yxomycota or slime moulds 
and the Eum ycota or true moulds. The Eumycota include all the filamentous fungi 
and yeasts. The Eum ycota are further divided into classes, each with distinctive 
characteristics. These classes are Zygomycetes, M astigomycetes, Ascomycetes, 
Basidiomycetes and Deuteromycetes. The M astigomycetes were later referred to as 
Chytridiomycetes (Griffin, 1994). The Zygomycetes and M astigomycetes are aseptate 
(i.e. do not have septa in their hyphae), while the Ascomycetes, Basidiomycetes and 
Deuteromycetes exist as septate mycelia or yeasts (i.e. have septa in their cellular 
structures). Also, the Basidiomycetes have clamp connections along their mycelia, 
readily visible as slight bulges under a low power microscope (Onions et al., 1986).
The classes can be further distinguished by their reproductive structures. 
M astigomycetes produce motile spores, requiring free water at some stage in their life 
cycles. Zygomycetes do not produce motile spores but are similar to Mastigomycetes 
in that they form asexual spores in a sporangium. Their sexual form o f reproduction 
is by zygospores, formed by the fusion of the sexual organs, the dark-coloured 
zygospore forming between the organs. The Zygomycetes include the common fungi 
Rhizopus and Mucor (Griffin, 1994).
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Among the septate fungi, Ascomycetes and Basidiomycetes reproduce sexually and 
asexually. Sexual reproduction hy the Ascomycetes is by means o f  ascospores, which 
in mycelial fungi are borne internally in special structures called ascomata, which are 
composed o f specialised mycelia. The yeasts in the class Ascomycetes bear their asci 
in simpler structures, usually in m ultiples o f two. This class contains the largest 
number o f species, estimated at 28,600, including Saccharomyces and Hansenula 
species (Griffin, 1994). The Basidiomycetes reproduce sexually by means o f 
basidiospores. In this case, the spores are borne externally on basidia. Basidia can be 
complex structures, like mushrooms and toadstools, or simple like in rusts or smuts. 
This class includes the visible mushroom and toadstool species and plant parasites 
(Griffin, 1994). Both the Ascomycetes and Basidiomycetes can reproduce asexually 
by producing conidia on specialised hyphae called phialides.
The remaining class o f septate fungi, the Deuteromycetes, reproduce only asexually. 
They reproduce by means o f conidia, which are borne externally on hyphal tips and 
not within a reproductive structure. M any o f the fungi in this class are related to those 
in the Ascomycetes and Basidiomycetes, but with no known sexual stage o f 
reproduction. This class includes the common genera Aspergillus, Pénicillium and 
Trichoderma among others (Griffin, 1994).
The fungi are important in nutrient cycles in the biosphere, acting as primary agents 
o f decay o f dead plants, animals and microbes (Griffin, 1994). Other fungal species 
are parasitic, and cause diseases in plants and animals. Their detrimental effects, as 
well as direct attack, also include the release o f toxins (Onions et al., 1986). 
However, fungi can also produce beneficial compounds o f food and pharmaceutical 
value. Alcoholic drink production is carried out with the help o f yeasts. Genetically 
engineered yeasts have been utilised to improve the quality o f beers and wines 
(Hartmeier and Reiss, 2001). Other foods have also benefited from fungal 
biotechnology. The use o f yeast in bread has been known since ancient times, and in 
modern processes environmental conditions and the strain o f yeast have been
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manipulated to improve flavour and texture o f the bread. Yeasts have also been long 
used in the production o f soft cheeses, while moulds have been extensively used in 
cheese production, for the ripening o f blue and white mould cheeses (Jakobsen et al., 
2001). A more obvious example o f food production by fungi is that o f mushrooms, 
which are the reproductive structures o f Basidomycete fungi.
Other compounds produced by fungi include organic acids, vitamins, plant hormones 
and antibiotics, and useful enzymes, such as cellulases, proteases, invertase, amylases 
and amyloglucosidase (Onions et al, 1986). The antibiotics are a prime example of 
fungal products which have revolutionised medicine since their discovery. The P- 
lactam and non p-lactam antibiotics have been the most important chemotherapeutic 
method o f fighting bacterial infections since the discovery o f penicillin in the early 
20th century. Biotechnological advances have helped produce novel antibiotics, which 
are im portant due to the emergence o f antibiotic resistant bacteria (Schmidt, 2001, 
Anke and Erkel, 2001).
Environmental biotechnological uses o f fungi have also been extensively studied, 
including biodégradation by the white- and brown-rot fungi, and metal biosorption by 
fungal biomass. The white-rot fungi have been utilised in the decolourisation of 
highly coloured, recalcitrant and toxic wastewaters from industries such as paper 
mills, textile mills, coal mines and coal-burning electricity stations. They can also 
biodegrade xenobiotic compounds such as chlorinated aromatics, which otherwise 
present a serious disposal problem (Ralph and Catcheside, 2001). The brown-rot 
fungi also have been shown to biodegrade xenobiotic chemicals, including 
polyarom atic hydrocarbons and halogenated antimicrobial compounds (Bagley and 
Richter, 2001). Biosorption o f heavy metals from wastewater has been demonstrated 
in a wide range o f fungi, including yeast and mycelial species (Zimmermann and 
Wolf, 2001).
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1.1.1 T r i c h o d e r m a  sp ecies
Trichoderma fungi are filamentous fungi o f the class Deuteromycetes. The species 
identification o f Trichoderma fungi is difficult, due to the morphological similarity 
between the species. Several studies have been carried out to define the 
characteristics o f individual species (Rifai, 1969, Bissett, 1984, 1991a, 1991b & 
1991c). The classification described by Rifai has been widely used, in which nine 
‘species aggregates’ were described. In recent years, species o f Trichoderma have 
been described by molecular fingerprinting, to distinguish the species, although all 
species aggregates have not been studied in this manner (Gams and Meyer, 1998). 
M orphological characteristics remain the main method for identification and 
verification o f  species in the genus Trichoderma (Gams and Bissett, 1998). The 
Trichoderma have been shown to be closely related to the Ascomycete genera 
Hypocrea, Podostroma and Sarawakus by molecular and morphological 
investigations. In these genera, the asexual mode o f reproduction is analogous to 
Trichoderma species (Gams and Bissett, 1998).
Trichoderma fungi are very widespread in soils and on decaying plant material, and 
are found in diverse habitats from the Antarctic to the tropics (Nevalainen and 
Neethling, 1998). This can be attributed to their diverse metabolic capabilities. They 
are capable o f  thriving under minimal nutritional conditions, generally grow very 
rapidly, and, under the correct conditions, they sporulate profusely. A wide variety of 
natural and xenobiotic compounds are metabolised by Trichoderma fungi, including 
hydrocarbons, sugars, polysaccharides, complex plant materials and even pesticides. 
The m ost readily utilised carbon sources include glucose, fructose, mannose, 
galactose, xylose and cellobiose (Kubicek-Pranz, 1998). A range o f hazardous 
xenobiotic compounds can be biodegraded by Trichoderma species, including 
pesticides such as Arachlor, M alathion, Dalapon, DDT, dieldrin and 
pentachlorophenol (Katayama and Matsumura, 1993).
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They arc known to produce a vast array o f secondary metabolites, including 
numerous antibiotics (Sivasithamparam and Ghisalberti, 1998). Other interesting 
molecules produced by Trichoderma include antitumour compounds (Itoh et al., 
1982, Gao et al., 1995), plant growth regulators (Dickinson et al., 1989, Merlier et 
al., 1984) and HIV inhibitors (Qian-Cutrone et a l, 1996).
Trichoderma fungi are particularly well known for secreting large amounts of 
polysaccharases (Elad et al., 1982, Klein and Eveleigh, 1998, Kubicek-Pranz, 1998, 
Vikineswary et a l,  1997). Trichoderma p-glucanases have found applications in 
wine, beer, olive oil and animal feed industries. In brewing, they are used in beer wort 
production and were found to be superior to those o f Pénicillium emersonii, 
Aspergillus niger and Bacillus subtilis (Galante et al., 1998). They improved the 
efficiency o f processing in the brewhouse. In wine production, they have improved 
the efficiency o f clarification by hydrolysing glucans which can cause clarification 
and filtration problems (Galante et al., 1998). During olive oil production, the 
addition o f Trichoderma glucanases and hemicellulases have improved fruit 
maceration, increasing the efficiency o f the oil production process (Galante et al., 
1993). In the animal feed industry, Trichoderma xylanases and P-glucanases have 
been added to improve feed conversion rates in poultry. Grain crops present in the 
feed contain significant levels o f polysaccharides, such as P-glucans and pentosans. 
These are not easily digested by the poultry and slow the absorption o f nutrients. The 
addition o f the enzymes to digest the polysaccharides reduces intestinal viscosity and 
improves the release o f nutrients from the grain (Galante et al., 1998).
A lthough Trichoderma are general saprophytes, they can attack other fungi. This 
phenom enon is known as mycoparasitism (Hjeljord and Tronsmo, 1998). This 
characteristic is exploited in their use as biocontrol agents in agriculture and 
horticulture. W hen Trichoderma fungi are applied to crops, they can specifically 
attack a particular species of plant parasite. This occurs in several stages. Firstly,
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Trichoderma is attracted by a chemical stimulus from the target fungus. The target is 
recognised by specific markers on the cell wall. The Trichoderma then attaches to the 
host and coils its hyphae around it, followed by the secretion o f lytic enzymes to 
degrade the host’s cell wall (Chet, 1990). Other mechanisms o f fungal destruction by 
Trichoderma include the production o f antibiotic secondary metabolites, as 
mentioned above, and competition for nutrients (Hjeljord and Tronsmo, 1998). 
Although this antifungal activity has been shown to be relatively specific, several 
species o f pathogenic fungi are susceptible to attack by Trichoderma species. These 
include Pythium ultimum, which causes root rot in peas and potatoes, Rhizoctonia 
solani, a cause o f rotting diseases in numerous plant species, Scïerotium rolfsii, an 
infectious disease o f legumes, Botrytis cinerae, which appears as moulds on bean and 
pea pods, and Fusarium parasites of cereal crops (Hjeljord and Tronsmo, 1998).
Only one example o f a Trichoderma fungus used in waste treatment has been found 
in the literature (Vikineswary et a l, 1997). In this case, the substrate was a low-oil 
sludge from a palm-oil processing mill. The organism grew effectively on the sludge 
and, in combination with Myceliophthora thermophila, treated the waste 
satisfactorily. Lipid accumulation has been studied in Trichoderma reesei (Brown et 
al., 1988, Brown et al., 1990, Brown and Thornton, 1993) and in T. harzianum and 
T. viride (Serrano-Carreon et a l,  1992). These studies were carried out on simple 
carbohydrates like glucose and sucrose. However, the biodégradation o f lipids by the 
genus Trichoderma has not previously been studied, and no examination o f the 
growth o f the fungi on a lipid carbon source has been found.
Trichoderma are generally safe fungi, and are not considered pathogenic to humans 
or animals. There have been exceptional circumstances where immunosuppressed 
patients have contracted Trichoderma infections, but these cases are very rare. 
Trichoderma species, when used as biocontrol agents, have not caused major adverse 
affects to animals or humans exposed to them. Liquid fermentations do not release 
significant amounts o f spores into the environment around them, making them
7
suitable for inclusion in a waste treatm ent bioreactor (Nevalainen and Neethling, 
1998).
1.2 L ipids
Lipids are biomolecules containing as part o f their structure, fatty acids or closely 
related compounds. The types o f molecules included under this definition include 
glycerides, sterol esters, wax esters, phospholipids, glycosylglycerides and 
sphingolipids. They are composed o f fatty acids bound by ester bonds to alcohols. 
W hen the alcohol involved is glycerol, the m ost common alcohol in lipids, 
glycerides, phospholipids and glycosylglycerides are formed. Other alcohols found 
less commonly in lipids include sterols in sterol esters and long chain alcohols in wax 
esters (Gunstone, 1996).
The lipids form an essential component o f living cells. Lipids, such as phospholipids, 
sterol esters, glycosylglycerides and sphingolipids occur as structural lipids, forming 
cellular and organelle membranes They essentially hold biological cells together, 
allowing life to exist (M athews and V an Holde, 1990). Lipids also act as energy 
storage molecules. The major reserve lipids in living organisms are the glycerides, 
mainly triglycerides (Figures 1 & 2), with mono- and diglycerides present as minor 
components (Gunstone, 1996).
J L^  o-cH
o —CH,
Figure 1: Tristearin, a saturated triglyceride (Mathews and Van Holde, 1990).
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Figure 2: Triolein, a triglyceride containing unsaturated fatty acids, a major
component o f olive oil (Gunstone, 1996).
Glyceride lipids can exist as oils or fats, depending on the source from which they are 
extracted (Table 1). They are the most important lipids from a waste treatment 
perspective. Lipids which are solid at normal temperatures are referred to as fats, 
while those which are liquid are oils (M etcalf and Eddy, 1991). The constituent fatty 
acids determine the chemical and physical characteristics o f  the lipid. Animal fats 
consist mainly o f  saturated fatty acids, or with limited amounts o f mono- and 
polyunsaturated fatty acids. Saturated glycerides pack very well together, resulting in 
stronger intermolecular forces, and hence the high melting point o f  fats. Oils differ 
from fats in that they contain mainly unsaturated fatty acids. The double bonds in 
unsaturated fatty acids are usually in the cis rather than the tram form, leading to 
larger molecules, which pack poorly together (Figure 2). This leads to weaker forces 
between molecules, and lower melting points (M orrison and Boyd, 1992).
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Table 1: Major oils and fats (Gunstone, 1996)
C a te g o ry E x a m p le s
Plant sources
v eg e tab le  oils S oy b ean  o il, co tto n seed  o il, r ice  
b ran  o il, co rn  o il, rap eseed  oil, 
su n flo w er oil
tree  cro p  oils o live  o il, p a lm  o il, co co n u t oil
in d u stria l o ils L in seed  o il, ca s to r o il, ta ll o il
A n i m a l  sources
lan d  an im als T allow , lard , m ilk  fa t
m arin e  an im als F ish  oil
F ats  a re  u su a lly  o f  an im al o rig in , te rres tria l an im als p ro d u c in g  th e  h ard  fa ts su ch  as 
th e  ta llo w s and  lard. T h e  h a rd es t fa ts, as m easu red  b y  io d in e  v a lu e , a re  b e e f  and  
sheep  ta llo w s (G ru m m er, 1992). N a tu ra l fa ts co n sis t m a in ly  o f  trig ly cerid es , w ith  
lo w er leve ls  o f  d ig ly ce rid e s , m o n o g ly cerid es , free  fa tty  ac id s, s tero ls, stero l esters, 
to co p h ero ls  and  trace  am o u n ts  o f  o ther co m p o n en ts  (G u n sto n e , 1996). N o n -lip id  
m ate ria l, in  the  fo rm  o f  m o is tu re , im p u ritie s  and  u n sap o n ifiab le s , can  also  be  p re sen t 
at up  to  4%  in  ta llo w , d ep en d in g  on  its  p u rity  g rade (G rum m er, 1992). T he 
p ro p o rtio n s  o f  in d iv id u a l fa tty  ac ids in  fa t g lycerides v a ry  d ep en d in g  o n  th e  ty p e  o f  
fa t (T ab le  2). In  la rd  an d  b e e f  ta llo w , sa tu ra ted  fa tty  ac ids acco u n t fo r ap p ro x im a te ly  
40%  o f  to ta l fa tty  ac ids, w h ile  in  m u tto n  ta llo w , th is  can  be as h ig h  as 65% . T h e  m o st 
s ig n ifican t sa tu ra ted  fa tty  ac ids p re sen t are p a lm itic  and  s tearic  acids. O leic  ac id  is the  
m a jo r u n sa tu ra ted  fa tty  ac id  in  all th e  fa ts , w h ile  lin o le ic  also  m ak es a  s ig n ifican t 
co n trib u tio n  in  lard , and  p a lm ito le ic  appears in  h ig h er lev e ls  in  b e e f  ta llow .
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T ab le  2: T yp ica l co m p o n en t fa tty  ac ids o f  an im al fa ts  by  w e ig h t percen t. N o ta tio n : 
14:0 =  m y ris tic  ac id ; 16:0 =  p a lm itic  ac id ; 18:0 =  s tearic  ac id ; 16:1 =  p a lm ito le ic  
acid ; 18:1 =  o le ic  ac id ; 18:2 =  lin o le ic  acid. (G u n sto n e  etal., 1994)
S o u rc e 14:0 16:0 18:0 16:1 18:1 18:2 o ther
L ard 2 27 11 4 44 11 1
b e e f  ta llo w 3 27 7 11 48 2 2
M u tto n  ta llo w 6 27 32 2 31 2 0
1.3 L ip id  u t i l is a t io n  b y  m ic ro o rg a n is m s
A s m en tio n ed  p rev io u s ly , tr ig ly cerid e  lip ids co m e in  the  fo rm  o f  o ils or fats, 
d ep en d in g  on  their fa tty  ac id  constituen ts . D ue to  th e ir ab u n d an ce , th e ir 
b io d ég rad a tio n  by  m icro o rg an ism s h as fo rm ed  an  essen tia l su b jec t fo r study. A s seen  
in  m an y  o f  the  stud ies, it is n o t su ffic ien t th a t the  m ic ro o rg an ism s h av e  lip o ly tic  
ab ility , bu t m u st also  b e  e ffic ien t m etab o lise rs  o f  fa tty  acids. T h is  ab ility  is v ariab le  
fro m  spec ies to spec ies, so m e  ev en  d isp lay in g  the e ffec t o f  a  to x ic  re ac tio n  to  fa tty  
acids.
1.3.1 M ic ro b ia l  u t i l is a t io n  o f oils
T rig ly ce rid e  oils are re la tiv e ly  easily  u tilised  by  a w id e  ran g e  o f  o rg an ism s and  have  
b een  th e  su b jec t o f  n u m ero u s  stud ies. O ils are g enerally  m o re  easily  ass im ila ted  th an  
fa ts, due to  th e ir  liqu id  n a tu re  at m eso p h ilic  tem p era tu res , p re sen tin g  an  ex ten siv e  
su rface  fo r m icro b ia l en zy m e attack . T he oils s tud ied  are easily  o b ta in ab le  v eg e tab le  
o ils, o fferin g  a cheap  su b stra te  fo r experim en tation .
S u n flo w er o il has lended  i ts e lf  to  b e in g  easily  m etab o lise  by  m icro o rg an ism s. T he 
fu n g u s M u c o r  circinelloides f. circinelloides a ss im ila ted  su n flo w er o il, b o th  as sole
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ca rb o n  sou rce , and  in  the  p resen ce  o f  an o th er ca rb o n  source, so d iu m  aceta te  (Jeffery  
et al., 1999). T he u p tak e  w as g rea tly  en h an ced  w ith  the  ad d itio n a l ca rb o n  substra te , 
w ith  th e  o il a lm o st co m p le te ly  ass im ila ted  by  th e  fungus. O th er fu n g i from  th e  genus 
Mucorales  g rew  in  th e  p re sen ce  su n flo w er oil du rin g  th e  p ro d u c tio n  o f  gam m a 
lin o le ic  ac id  (G L A ), as s tu d ied  by  C ertik  et al. (1997). A ll 48 stra in s ex am in ed  
a ss im ila ted  the  o il, accu m u la tin g  in trace llu la r lip id  in  the  p rocess.
B ac te ria l iso la tes o f  the genus Acinetobacter  w ere  fo u n d  to  be cap ab le  o f  h y d ro ly sin g  
su n flo w er o il, o live  oil and  sy n th e tic  trig ly cerid es  (C h ap p e  et al., 1994). T he 
o rg an ism s, all stra in s o f  Acinetobacter calcoaceticus, h ad  v ary in g  ab ilitie s  to  ox id ise  
th e  fa tty  ac ids re su ltin g  fro m  the  h y d ro ly s is  o f  the  trig ly cerid es .
O liv e  o il, u sed  by  C h ap p e  et al. a lo n g sid e  su n flo w er o il, is an o th er ab u n d an t sou rce  
o f  tr ig ly ce rid e  oil. U n d e r th e rm o p h ilic  co n d itio n s, th e  b ac te riu m  Bacillus 
thermoleovorans  d ig es ted  m o re  th a n  90%  o f  o live oil fed  in  co n tin u o u s cu ltu re  fed  at 
up  to  l g  r V  (B ecker et al., 1999). W h en  app lied  to  w o o l sco u rin g  w astew ate r, th is  
o rg a n ism  also  su ccessfu lly  rem o v ed  lip id  m ateria l from  co n tin u o u s cu lture.
S o y ab ean  oil has fo rm ed  th e  cen tre  o f  m an y  studies. Its u tilisa tio n  w as stu d ied  by 
K o rita la  et al (1987). T he ran g e  o f  o rg an ism s stu d ied  b y  th ese  re search ers  in c lu d ed  
b ac te ria , ac tin o m y ce tes , filam en to u s  fung i and  yeasts. T he fu n g i sh o w ed  th e  m o st 
ex ten s iv e  h y d ro ly sis  and  rem o v a l o f  the  o il, w ith  som e spec ies com ple te ly  
h y d ro ly s in g  th e  trig ly cerid es . B ac te ria  and  ac tin o m y ce tes  w ere  less successfu l, w ith  
little  rem o v a l in  a lo t o f  spec ies, and  no h y d ro ly sis  ev id en t in  th e  ex tract. S hab tai 
(1 9 9 1 ) iso la ted  a  P s e u d o m o n a s  aeruginosa  s tra in  cap ab le  o f  su rv iv in g  u n d er 
co n d itio n s  w ith  99%  so y ab ean  oil. O th er cu ltu res g row n  u n d e r th ese  co n d itio n s fa iled  
to  m a in ta in  100%  v iab ility , b u t som e o th er P s e u d o m o n a s  sp ec ies and a s tra in  o f  
Acinetobacter calcoaceticus w ere  cap ab le  o f  lim ited  grow th .
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V ario u s  o th er o ils h av e  b een  u tilised  in  n u m ero u s stud ies. A  y eas t cap ab le  o f  
e ffec tiv e ly  ass im ila tin g  p a lm  oil w as iso la ted  from  so il by  K o h  et al. (1983). T he 
y east, Torulopsis Candida, w as the  o n ly  strain , o f  o v er 200  th ey  iso la ted  from  
en rich m en t cu ltu re , th a t w as cap ab le  o f  g ro w in g  on p a lm  oil as ca rb o n  source. U sefu l 
b y -p ro d u c ts  w ere  fo u n d  in  the b io m ass o f  th e  fungus Mortierella alpina w h en  g ro w n  
on fish  o il (S h in m en  et al., 1992). P o ly u n sa tu ra ted  20 ca rb o n  fa tty  ac ids accu m u la ted  
in  th e  b io m ass o f  the fu n g u s, w h ich  m ay  m ak e  it u sefu l fo r an im al feeds, in  p articu la r 
fish  food . A g g e lis  et al. (1997) su ccessfu lly  g rew  Rhodotorula  sp ., Candida 
tropicalis, C a nd id a lipolytica, C a n d i d a  cremoris  and L a n g e r m a n i a  gigantea  on 
ev en in g  p rim ro se  oil, a  p o ly u n sa tu ra te d  oil. H ab a  et al. (2000) found  th a t several 
P s e u d o m o n a s  spec ies g rew  su ccessfu lly  on  o live oil and  w aste  fry in g  oils. A lth o u g h  
36 sp ec ies  o f  m icro o rg an ism s w ere  fo u n d  to  g row  o n  th e  o ils, th e  P s e u d o m o n a s  
spec ies w ere  th e  m o st p ro d u c tiv e  in  te rm s  o f  b iom ass. A s a  b y -p ro d u c t o f  th is  g row th , 
th ese  b ac te ria  p ro d u ced  co n sid erab le  q u an titie s  o f  b io su rfac tan t, the  focus o f  the 
study .
F o u r o rg an ism s w ere  fo u n d  to  g ro w  o n  a range o f  o ils, as w e ll as w aste  g rease  from  a 
re s tau ran t, b y  W alcelin and F o rs te r (1997). Rh od oc oc cu s  rubra, Nocardia amarae, 
Microthrix parvicella an d  Acinetobacter  sp. g rew  at v a ry in g  deg rees  on  o il substra tes 
in  a  s tudy  to  d eve lop  an  in o cu lu m  fo r a b io reac to r to trea t lip id  co n ta in in g  w aste . 
Acinetobacter  sp. p ro v ed  to  be  th e  m o s t effec tive  o f  th e  iso la tes  s tud ies, rem o v in g  up 
to  67%  o f  o il ad d ed  at 8g /l to  th e  cu lture.
T h e  accu m u la tio n  o f  lip id  by fo u r fu n g i g row n  on  v ario u s o ils w as stud ied  by 
K en d rick  and  R a tled g e  (1996) T h ey  found  th a t  Condiobolus nanodes, 
E n t o m o p h t h o r a  exitalis, Mortierella isabellina and  M u c o r  circinelloides g rew  w ell 
o n  m o st o f  th e  o ils te s ted , ac cu m u la tin g  various q u an titie s  o f  in trace llu la r lip id  du rin g  
g row th . D u rin g  a s tu d y  o f  lip ase  ac tiv ity  by  F us arium solani, M a ia  et al. (2001) 
su ccessfu lly  g rew  the  o rg an ism  o n  a  ran g e  o f  oils as so le  ca rb o n  source.
13
1.3.2 M icrobial utilisation of fats
T rig ly ce rid e  fa ts are gen e ra lly  d eriv ed  fro m  te rrestria l an im als, th e  m o st abundan t 
b e in g  la rd , fro m  p ig s, and  b e e f  an d  m u tto n  tallow s. D ue to  th e ir  so lid  natu re  at 
m eso p h ilic  tem p era tu res , th ey  h av e  p ro v ed  to  b e  in te re stin g  su b jec ts  fo r s tudy  o f  
m icro b ia l a ttack  on  lip ids. O rg an ism s h av e  b ee n  d escrib ed  cap ab le  o f  g ro w th  on  fats 
as ca rb o n  sou rce , a lth o u g h  th e  a rea  h as b een  less ex ten s iv e ly  stu d ied  th an  the  
u tilisa tio n  o f  oils.
T a llo w  h as b een  the  su b jec t o f  sev era l s tud ies, a lth o u g h  it has n o t a lw ays been  
c lassified  as b e e f  or m u tto n  ta llow . T h e  g ro w th  o f  th ree  fu n g i d irec tly  on  an im al fats 
and  in  b a tch  cu ltu res w ith  fa ts as so le  ca rb o n  sou rce  w as s tu d ied  b y  B ed n arsk i et al. 
(1993). In  th ese  stud ies, o th er fa ts w ere  ex am in ed  w ith  ta llo w . In  b a tc h  cu ltu res 
co n ta in in g  30g /l b e e f  ta llo w  o r p o u ltry  fa t, th e  h ig h est d eg ree  o f  u tilisa tio n  w as 
o b serv ed  o n  the  p o u ltry  fa t by  th e  fu n g u s Geotrichum candidum,  w h ic h  rem o v ed  
49%  o f  th e  ad d ed  fat. T he o th er fu n g i s tud ied , Aspergillus niger an d  M u c o r  miehei, 
h ad  s lig h tly  lo w er u tilisa tio n  ra tes, b u t still g rew  su ccessfu lly  in  th e  fa t-co n ta in in g  
m edia . U s in g  su rface  cu ltu re  o n  th e  fa ts, th e  g rea test u tilisa tio n  w as o b serv ed  on  
p o u ltry  ta llo w , w ith  Geotrichum c an d i d u m  ag a in  b e in g  th e  h ig h es t u tiliser. It 
d eg rad ed  70%  o f  th e  fat. A g a in  the  o th er fung i s tu d ied  h ad  lo w er ab ilities to  
m e tab o lise  th e  fats. I t w as also  n o ted  in  th is  study  th a t p o u ltry  fa t w as m o re  easily  
d ig ested  th a n  b e e f  ta llow .
T h e  y eas t Saccharomycopsis lipolytica w as stud ied  on  b o th  o liv e  oil and  an im al fa t 
by  T an  an d  G ill (1984  &  1985). It h y d ro ly sed  and  g rew  e ffec tiv e ly  on o live  oil and  
sh o w ed  h ig h  ra tes  o f  ta llo w  and  la rd  u tilisa tio n . T he co n cen tra tio n s  o f  lip id  u sed  in 
th ese  s tu d ies  w ere , h o w ev er, re la tiv e ly  low . T he sam e re sea rch e rs  also  ca rried  out 
s tud ies w ith  th e  b ac te riu m  P s e u d o m o n a s  fluorescens (T an  an d  G ill, 1987). A lth o u g h  
g ro w th  o ccu rred , d eg rad a tio n  o f  o liv e  o il, la rd  and  ta llo w  w as less e ffec tiv e  th an  in  
th e ir  p re v io u s  stud ies w ith  th e  yeast.
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O th er s tu d ies  have  u sed  fats as ca rb o n  sou rces, bu t w ere  no t the p rim a ry  cen tre  o f  the 
stud ies. C ro m w ick  et al. (1996) d esc rib ed  th e  p ro d u c tio n  o f  a p o ten tia lly  v a lu ab le  b y ­
p ro d u c t fro m  P s e u d o m o n a s  s tra ins g ro w in g  on  ta llo w  and  ta llo w  fa tty  acids. T he 
o rg an ism s p roduced  p o ly (h y d ro x y a lk an o a tes), a c lass o f  n a tu ra lly  o ccu rring  
p o ly es te rs , in  ba tch  cu ltu res co n ta in in g  2 -3 g /l ta llo w  o r ta llo w  fa tty  acids. In a  tw o- 
p h ase  aq u eo u s-o rg an ic  system , P s e u d o m o n a s  putida  w as found  to  ach iev e  up to 80%  
h y d ro ly s is  o f  b e e f  ta llo w , and  co m p le te  h y d ro ly s is  o f  o liv e  oil as su b stra te  (K im  and 
R hee, 1993). K ajs and  V an d erzan t (1981) su ccessfu lly  p ro d u ced  sin g le  cell p ro te in  
fro m  ta llo w  usin g  th e  yeasts  Saccharomycopsis lipolytica and  C a nd id a  utilis, 
a lth o u g h  th e  d eg ree  o f  u tilisa tio n  o r h y d ro ly s is  w ere  n o t reported . E l-Sharlcaw y et al.
(1993) fo u n d  that the  yeasts  S ac charomyces cerevisiae and  Schizosaccharomyces 
octosporus  h y d ro ly sed  lard  du rin g  th e ir  s tud ies o n  the  lipases o f  th ese  species.
T h e  co -m e tab o lism  o f  fa ts  w ith  s im p le r ca rb o h y d ra tes  has b ee n  n o ted  in  o ther 
s tud ies. M arek  and  B ednarsk i (1996) g rew  the  y east Yarrowia lipolytica, and  the 
f ilam en to u s  fung i Aspergillus niger, Galactomyces geotrichum  and  R hizomucor 
miehei  o n  several fa ts and  o ils in  th e  p re sen ce  o f  g lucose. C o -m etab o lism  o f  fa ts w as 
also  d em o n stra ted  by  K o sto v  et al. (1986). U sin g  a m ix ed  cu ltu re  o f  C a n di da  scotii 
and  a  Candida, sp. p rev io u sly  sh o w n  to  assim ila te  fa ts, the  o rg an ism s effec tive ly  
ass im ila te d  an im al fa t and  sugars fro m  co n tin u o u s culture.
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1.4 Biodégradation of lipids by fungi
T he b io d ég rad a tio n  o f  g lyceride  lip id s co n sis ts  o f  tw o  steps -  lipase  ca ta ly sed  
h y d ro ly s is  o f  g lycerides and  th e  m e tab o lism  o f  the re su ltin g  fa tty  ac ids. D ifferen t 
en zy m es sy stem s are re sp o n sib le  fo r each  step , so th e  ab ility  o f  an  o rg a n ism  to  carry  
ou t one stag e  o f  the  m e tab o lism  effic ien tly  does no t co n fer on it th e  ab ility  to  carry  
ou t th e  o th e r s tage as successfu lly . T h e  firs t o f  these stages, the lipase  ca ta lysed  
h y d ro ly s is  o f  g lycerides has b een  stu d ied  in  deta il by  nu m ero u s re search ers .
1.4.1 L ip a s e  c a ta ly s e d  h y d ro ly s is
T h e  b io d ég ra d a tio n  o f  lip ids beg ins by  th e ir  h y d ro ly s is  by lipases, re le a s in g  free  fa tty  
ac ids and  g lycero l (F igu re  3). T h is o ccu rs  ex trace llu la rly , as g ly cerid es  are h ig h  
m o lecu la r w e ig h t m o lecu les  w h ich  can n o t easily  p en e tra te  th e  cell w a ll or m em brane. 
T h is b reak d o w n  to the  m o re  easily  a ss im ila ted  m olecu les o f  fa tty  ac id s  is necessa ry  
befo re  th e  o rg an ism  can  u tilise  the  su b stra te  fo r energy  and  g ro w th  (H am m er and  
H am m er, 2001).
L ip ases  are h y d ro ly tic  en zy m es w h ich  are sec re ted  by  a w id e  a rray  o f  o rgan ism s, 
in c lu d in g  p lan ts , an im als  and  m icrobes. M icro b ia l lipases can  have  in te restin g  
p ro p e rtie s , d ep en d in g  on  th e  o rg an ism  from  w h ich  th ey  are  secre ted . O sm o to leran t, 
th e rm o p h ilic  and  p sy ch ro p h ilic  lipases h av e  b een  found  (G ü n te r and  S ch ro d er, 1992).
D ue to  th e  h y d ro p h o b ic  n a tu re  o f  th e ir  substra tes, lipases ac t a t th e  lip id -w ater 
in te rp h ase . T h is can  lim it the  ra te  o f  h y d ro ly sis  in so lid  lip ids su ch  as the  fats. 
L ip ases  re m a in  in ac tiv e  un til it b in d s to an  in te rphase , w h ich  causes a  co n fo rm atio n al 
ch an g e  in  th e  ac tiv e  site o f  the  enzym e. T h is m ak e  the  ac tive  site accessib le  to  the 
su b stra te , a llo w in g  h y d ro ly s is  to  be  ca rried  ou t (B rzozow sk i et al., 1991, G ill and 
P arish , 1997). A s a re su lt o f  th is  m ech an ism , lipase  w ill on ly  w o rk  effec tiv e ly  on 
su b stra tes  w h ich  are in so lu b le  in  w ater.
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L ip ase  p ro d u c tio n  h as  b een  sh o w n  to be  in d u ced  by  th e  p resen ce  o f  ex trace llu la r 
lip ids. L ipase  o f  M u c o r  hiemalis w as in d u ced  w h en  oil w as added  to  g lu co se  m ed iu m  
(A k h ta r et al., 1983). T he ad d itio n  o f  o liv e  oil to  m icrob ia l m ed ium  w as sh o w n  to 
in c rease  lipase  ac tiv ity  by  th e  y east C a n d i d a  rugosa  (B en jam in  and  P an d ey , 1996). 
M arek  and  B ed n arsk i (1996) d em o n stra ted  th a t o ils  and  fa ts  can  in d u ce  ac tiv ity  in 
y easts  and  fung i. A  ran g e  o f  o ils w ere  sh o w n  to  induce ex trace llu la r ac tiv ity  in 
F u sa ri um  solani by  M aia  et al. (2001). T he ex ten t o f  lipase  p ro d u c tio n  varied  
d ep en d in g  on  the  o il used. T his p h en o m en o n  w as also d escrib ed  in  ea rly  stud ies, 
w h ich  sh o w ed  th a t lipase  ac tiv ity  and  p ro d u c tio n  by  Rhizopus  fung i d ep en d ed  on the 
n a tu re  o f  th e  lip id  p re sen t (A k h ta r et al., 1977). S ug iu ra  et al. (1 9 7 5 ) d em o n stra ted  
th a t fa tty  ac ids can  th em se lv es  in d u ce  lip ase  p ro d u c tio n  in  C a nd id a  paralipolytica, 
a lth o u g h  the rep ress io n  o f  lipase  fro m  P s e u d o m o n a s  aeruginosa  by  o le ic  ac id  was 
d em o n stra ted  b y  G ilb ert et al. (1991). A c tiv ity  o f  lipase  has also  b een  in flu en ced  by  
o th er su b stan ces in  the  m ed ium . C a n d i d a  rugosa  lipase  h as  b een  sh o w n  to increase  in  
th e  p re sen ce  o f  so d iu m  and  ca lc iu m  ions by  H e rn a iz  et al. (1994).
In h ib itio n  o f  lip ase  h as  also  been  ex ten s iv e ly  stud ied . H ig h  levels  o f  sim ple 
ca rb o h y d ra te s  h av e  b een  sh o w n  to  red u ce  ac tiv ity  (M arek  and  B ed n arsk i, 1996). It 
w as o b se rv ed  th a t low  leve ls  o f  g lucose  ad d ed  to  cu ltu res o f  Yarrowia lipolytica and 
Rhizo mu co r miehei  w ith  lip id  also  p resen t, in c reased  the lipase  ac tiv ity , w h ile  fu rther 
ad d itio n  re su lted  in  its  rep ression . It w as su g g ested  th a t th is  p o in ted  to  lipase 
reg u la tio n  by  ca tab o lic  rep ressio n . T he lipase  o f  Cand id a rugosa  w as sh o w n  to be 
in h ib ited  b y  70%  by  th e  fa tty  ac ids p ro d u ced  by  h y d ro ly sis  o f  b e e f  ta llo w  (V irto  et 
al, 1995). F a tty  ac ids, a lcoho ls and  b ile  salts w ere  sh o w n  to in h ib it th e  ac tiv ity  o f  
H u m i c o l a  lip ase  w h en  p resen t in  so lu tio n  alone, b u t on  ad d itio n  o f  ca lc iu m  the  
ac tiv ity  w as res to red . It w as h y p o th esised  th a t th is  in h ib itio n  m ay  h av e  b een  due to 
d isp lacem en t o f  tr ig ly ce rid e  substra te  from  th e  lip id -w ate r in te rp h ase , lim itin g  the 
ac tiv ity  (L iu  et al., 1973). L ip ase  w as p ro d u ced  by  C andi da  lipolytica in  th e  p resen ce  
o f  so d iu m  d o d ecy l su lp h ate , b u t sh o w ed  no ac tiv ity  in  cu ltu re  (N asc im en to  and 
C am p o s-T ak ak i, 1994).
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L ip ases  can  p re fe ren tia lly  h y d ro ly se  ce rta in  fa tty  acids, or d isp lay  p o sitio n a l 
spec ific ity . E l-S h a rk aw y  et al. (1993) s tu d ied  th e  sp ec ific ities  o f  lip ases  from  
Saccharomyces cerevisiae and Schizosaccharomyces octosporus, and  fo u n d  b o th  
ex p ressin g  fa tty  ac id  spec ific ity . T h is  p h en o m en o n  h as  b een  ex p lo ited  to  hy d ro ly se  
sp ec ific  fa tty  ac ids from  fats co n ta in in g  m ix tu res  o f  fa tty  acids. T h e  lipase  o f  
Geotrichum c a nd i d u m  w as  u sed  b y  B a illa rg eo n  and  S onnet (1991) to  p re fe re n tia lly  
h y d ro ly se  th e  cis-9 u n sa tu ra ted  fa tty  ac ids, o le ic  ac id , from  ta llo w , w h ich  also 
co n ta in s  s ig n ifican t am o u n ts  o f  the  sa tu ra ted  fa tty  acids, s tearic  and  p a lm itic  acid. 
S p ec ific ity  fo r sh o rte r ch a in  fa tty  ac ids w as sh o w n  in  C a n di da  antartica lipase , w h ich  
p re fe re n tia lly  h y d ro ly ses  b u ty ric  ac id  in  p lace  o f  lo n g e r ch a in  fa tty  ac id s  su ch  as 
p a lm itic  ac id  (V illen eu v e  et al., 1995). S te reo se lec tiv ity  o f  a  ran g e  o f  m icro b ia l 
lip ases  w as d em o n stra ted  by  R o g a lsk a  et al.(1993).
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Figure 3: Hydrolysis of tripalmitin by lipase (Kallel e t  a l 1994)
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1.4.2 M etabolism of fatty acids released by hydrolysis
O nce re leased  b y  lip ase -ca ta ly sed  h y d ro ly s is , fa tty  ac ids are ass im ila ted  b y  the 
m ic ro b ia l cells. T he u p tak e  o f  fa tty  ac ids b y  y eas t an d  funga l ce lls  is a ssu m ed  to  be 
n o n -sp ec ific  (K ajs and V an d erzan t, 1981, R a tled g e , 1992). O nce  th e  fa tty  ac id s  en ter 
th e  cell, several fa te s  can  aw ait them . T h ey  can  be in co rp o ra ted  in to  lip id  structu res 
o f  th e  cell or s to red  lip id , e ith e r u n ch an g ed  o r fo llo w in g  d esa tu ra tio n  o r e lo n g atio n , or 
th ey  can  be  o x id ised  v ia  p -o x id a t io n  fo r en e rg y  and  g ro w th  (C ertik  et al., 1997, 
W ak e lin  and  F o rste r, 1997). O f  th ese , p -o x id a tio n  is the p a th w ay  to  co m p le te  
d eg rad a tio n  o f  th e  lip id  m ateria l.
P -o x id a tio n
P -o x id a tio n  in v o lv es  th e  re lease  o f  a  series o f  2 -ca rb o n  ace ty l-C o A  u n its  fro m  the 
fa tty  ac id  m o lecu les  (M ath ew s and v an  H o ld e , 1990, R atled g e , 1992). F irs tly  th e  free 
fa tty  ac id  is b o u n d  to  co en zy m e A  to fo rm  a fa tty  acy l-C oA . T h is m o lecu le  then  
u n d erg o es a  series o f  re ac tio n s  re su ltin g  in  th e  re lease  o f  A cety l C oA , and  sh o rten in g  
th e  fa tty  acy l-C o A  by  2 ca rb o n s (F ig u re  4). T h is  sho rtened  m o lecu le  th en  goes 
th ro u g h  an o th er cy c le  o f  reac tio n s , w h ich  is rep ea ted  u n til 2 m o lecu les  o f  ace ty l C oA  
are re le ased  by  th e  fin a l cycle . T h is cy c le  o f  b reak d o w n  is ap p licab le  to  sa tu ra ted  
fa tty  ac ids. U n sa tu ra ted  fa tty  acids, h o w ev er, req u ire  ad d itio n a l steps fo r su ccessfu l 
ox ida tion . W h en  th e  d o u b le  b o n d  is en co u n te red , firs tly  iso m erisa tio n  o ccu rs , i f  
n ecessa ry , to  p ro d u ce  a tran s-d o u b le  bond , w h ich  is th e n  red u ced  to  e lim in a te  the  
d o u b le  bond . T h e  re su ltin g  sa tu ra ted  m o lecu le  can th en  b e  b ro k en  d o w n  by  P- 
o x id a tio n  in  the  n o rm al w ay . W h en  th is  sa tu ra tio n  occu rs has b een  q u estio n ed , bu t 
acco rd in g  to  L a lm an  an d  B ag ley  (2000  &  2001), it need  n o t o ccu r b efo re  P -o x id a tio n  
co m m en ces. In te rm ed ia tes  o f  b reak d o w n  o f  u n sa tu ra ted  long  ch a in  fa tty  ac id s  are 
so m etim es th em se lv es  u n sa tu ra ted , n o t b e in g  sa tu ra ted  b e fo re  p -o x id a tio n  
co m m en ced . S om e in te rm ed ia te s  o f  b reak d o w n , in  p articu la r sa tu ra ted  fa tty  acids
19





















Figure 4: p-oxidation o f  a fatty acyl-CoA, resulting in the release o f  Acetyl CoA and 
a shortening o f  the fatty acyl-CoA by 2 carbons. The sequence o f  reactions are (a) 
dehydrogenation by fatty acyl CoA oxidase; (b) hydration by trans-2,3-enoyl-CoA 
hydratase; (c) dehydrogenation by L-3-hydroxyacyI-CoA dehydrogenase and (d) 
thiolytic cleavage by 3-oxoacyl-CoA thiolase. The shortened fatty acyl-CoA then 
starts the reaction again (e) until in the final cycle, 2 molecules o f acetyl CoA are 
released. (M athews and Van I tolde, 1990)
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Bioconversion
A s an  a lte rn a tiv e  p a th w ay  to  com plete  o x id a tio n , b io co n v ers io n  o f  long  ch a in  fatty  
ac ids to  o ther m o re  u sefu l fa tty  ac ids has b e e n  s tu d ied  by  sev era l re search ers . A g g e lis  
et al. (1991) d esc rib ed  th e  co n v ersio n  o f  lin o le ic  ac id  from  su n flo w er oil to  y- 
lin o len ic  acid  (G L A ) by  M u c o r  circinelloid.es. G L A  is a fa tty  ac id  w h ich  has u ses  in  
p h arm aceu tica l and  co sm etic  industries. L in o le ic  acid , h y d ro ly sed  fro m  th e  su n flo w er 
oil ex trace llu la rly , w as tak en  into the  cell, w here  th e  fa tty  ac id  n o t o x id ised  for 
b io m ass  p ro d u c tio n  w as tak en  in to  reserv e  lip ids. D esa tu rase  enzym es cou ld  th en  act 
on  th e  lin o le ic  ac id , p ro d u c in g  G L A . T he ap p a ren t co n v e rs io n  o f  lin o le ic  ac id  to  G L A  
w as also  observed  in  a ran g e  o f  M u co ra les  fung i (C ertik  et al., 1997). K am isak a  et al. 
(1990) stud ied  th e  p h en o m en o n  in  de ta il, u s in g  rad io lab e lled  lin o le ic  acid. T hey  
fo u n d  th a t the  rad io lab e lled  ca rb o n  w as in co rp o ra ted  in  n u m ero u s lip id  classes 
(trig ly ce rid es , p h o sp h a tid y lch o lin e , p h o sp h a tid y lse rin e), b u t w h en  lin o le ic  ac id  w as 
d esa tu ra ted  to  G L A , th e  G L A  p red o m in an tly  accu m u la ted  in  trig ly cerid es .
C o n v ers io n  o f  su b stra te  fa tty  ac ids to sa tu ra ted  fa tty  ac id  p ro d u c ts  has also  been  
observed . Yarrowia lipolytica has d em o n stra ted  th e  ab ility  to  accu m u la te  lip id  
in trace llu la rly  w h ich  is r ich  in  stearic  acid , desp ite  b e in g  g ro w n  on lip id  sou rces w ith  
a  m ix tu re  o f  lo n g  ch a in  fa tty  ac ids (P ap an ik o lao u  et al., 2001).
E lo n g a tio n  o f  fa tty  ac id s  has also  b een  o b serv ed  in trace llu la rly  (K en d rick  and 
R a tled g e , 1996, K a js and  V an d erzan t, 1981). R ad w an  and  S o lim an  (1988) 
d em o n stra ted  fa tty  ac id  ch a in  e lo n g a tio n  in  fungi g ro w n  on  C8 to C l 8 fa tty  acids. 
G en era lly , th ese  s tu d ies  h av e  b een  w ith  th e  lip id  so u rce  as a seco n d ary  ca rb o n  source, 
w ith  g lu co se  o r s im p le  ca rb o h y d ra te s  as th e  p rim ary  source. K en d rick  and  R atled g e  
(1 9 9 6 ) have  su g g es ted  th a t d esa tu rase  and  e lo n g ase  en zy m es have b een  rep ressed  
w h en  th e  so le  ca rb o n  so u rce  is an  oil or fa t, re su ltin g  in  m o re  lim ited  b io co n v ers io n  
in  th e  b iom ass. T h e re fo re  the re su ltin g  in trace llu la r lip id  re sem b led  th e  o rig inal 
su b stra te  in  fa tty  ac id  co m p o sitio n .
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Accumulation
T he accu m u la tio n  o f  in trace llu la r lip id s by  m icro o rg an ism s h as  b een  o b serv ed  in  
n u m ero u s  spec ies o f  m icro o rg an ism s. M icro o rg an ism s d isp lay in g  the  ab ility  to  store 
re se rv e  lip ids as a  s ig n ifican t p e rcen tag e  o f  th e ir  b io m ass  are te rm e d  o leag in o u s 
m icro b es. O leag in o u s m icro o rg an ism s are g enerally  a lgae, yeasts  or filam en to u s 
fung i, a lth o u g h  som e b ac te ria  can  accu m u la te  lip id -lik e  m ateria l, like w ax es 
(Rezanlca, 1991). T h ese  sto red  lip ids can  hav e  in te re stin g  p ro p e rtie s , like  h ig h  
co n cen tra tio n s o f  sa tu ra ted  fa tty  ac ids, o r fa tty  ac ids w ith  co m m erc ia l u ses , like G LA . 
T h ese  ch a rac te ris tic s  v ary  fro m  spec ies to  spec ies, and  d ep en d  on  th e  substra te  on  
w h ich  th e  o rg an ism  grow s. T h ey  can  also  be a re su lt o f  fa ilu re  or red u ced  ab ility  o f  
the  o rg an ism  to  m e tab o lise  a ce rta in  fa tty  ac id  by  (3-oxidation, h av in g  tak en  it in to  its 
cells.
M an y  o f  the  stud ies o n  lip id  accu m u la tio n  co n cen tra te  on lip id  p ro d u c tio n  by 
o rg an ism s w h en  g ro w n  o n  n o n -lip id  substra tes (e.g . A g g e lis , 1996, A g g e lis  and 
K o m aitis , 1999, C hen  an d  C hang , 1996, E ro sh in  et al., 2000 , Jack so n  et al. , 1998, 
S ax en a  et al., 1998, P ap an ik o lao u  and  A ggelis , 2002). T h ese  o rg an ism s accu m u la te  
in trace llu la r lip id , u su a lly  on  th e  ex h au stio n  o f  a  n u trien t so u rce  (e.g. n itro g en ), 
ev en tu a lly  u s in g  th e  re se rv e  lip id  i ts e lf  as an  energy  source.
T he accu m u la tio n  o f  in trac e llu la r  lip id  w ith  a  lip id  as ca rb o n  so u rce  h as b een  less 
stud ied . T he m ech an ism  o f  lip id  accu m u la tio n  is d iffe ren t w ith  a lip id  th an  a  n o n ­
lip id  substra te . T he co n c en tra tio n  o f  re se rv e  lip id  w ith  a lip id  substra te  ap p ears  to  be 
in d ep en d en t o f  n itro g en  co n cen tra tio n , and  accu m u la ted  b e fo re  su b stra te  or n u trien t 
ex h au stio n .
O ils h av e  b een  u sed  in  th e  m ajo rity  o f  cases w h ile  s tudy ing  ce llu la r lip id  
ac cu m u la tio n  o n  lip id  substra tes. A gge lis  et al. (1997) ex am in ed  th e  u p tak e  o f  
p o ly u n sa tu ra te d  oil by sev e ra l species. T hey  found  th a t a lth o u g h  th e  p o ly u n sa tu ra ted
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oil w as read ily  u tilised  by  the o rg an ism s, th e  accu m u la ted  in trace llu la r lip id  p ro file  
v a ried  fro m  o rg an ism  to  o rgan ism . C a n d i d a  tropicalis an d  C a nd id a cremoris 
p re fe re n tia lly  accu m u la ted  sa tu ra ted  fa tty  ac ids over u n sa tu ra ted  fa tty  ac ids, w h ile  
C a n d i d a  lipolytica and  Rhodotorula  sp. sh o w ed  no p a tte rn  w ith  re sp ec t to  d eg ree  o f  
u n sa tu ra tio n  or ch a in  leng th . T he accu m u la ted  lip id  acco u n ted  for up  to  40%  o f  
ce llu la r d ry  w eigh ts .
A k h ta r el al. (1983) s tu d ied  lip id  accu m u la tio n  in  M u c o r  hiemalis, sh o w in g  th a t the 
b io m ass  accu m u la ted  up  to  26%  lip id  in  its b iom ass. T h is  in trace llu la r lip id  increased  
rap id ly  d u rin g  th e  in itia l s tages o f  in cu b a tio n , b u t d ep le ted  as the  co n cen tra tio n  o f  the  
ex trace llu la r substra te , o liv e  o il, w as co n su m ed . T rig ly ce rid es  acco u n ted  fo r over 
50%  o f  re se rv e  lip ids th ro u g h o u t incubation .
G ro w th  o f  o rg an ism s has b een  sh o w n  to a ffec t the  co m p o sitio n  o f  in trace llu la r lip id  
(K en d rick  an d  R a tled g e , 1996). In  th is  s tudy  th e  fu n g i s tu d ied  accu m u la ted  2 5 -50%  
o f  th e ir  d ry  w e ig h t as lip id  w h en  g ro w n  on  a  ran g e  o f  oils. T h is  in trace llu la r lip id  
re sem b le d  th e  su b stra te  o il in  co m p o sitio n , w ith  the  o rg an ism  d isp lay in g  a red u ced  
ab ility  to  sy n th esise  p o ly u n sa tu ra te d  fa tty  acids, such  as y -lino len ic  acid.
O th er re search ers  h av e  d em o n stra ted  the  ac cu m u la tio n  o f  in trace llu la r lip id  o n  o ther 
oil su b stra tes . W h en  g ro w n  on  f ish  o ils, a lm o st 40%  o f  th e  b io m ass  w as tr ig ly ce rid e  
in  th e  fu n g u s Mortierella alpina (S h in m en  et al., 1992). Je ffe ry  el al. (1999) found  
45%  o f  th e  d ry  w e ig h t o f  M u c o r  circinelloides w as lip id  w h en  g ro w n  on  su n flo w er 
oil as so le  ca rb o n  source , b u t th is  in c reased  up to  62%  in  the  p re sen ce  o f  su n flo w er 
oil w ith  so d iu m  acetate. F u n g i fro m  the  genus M u co ra les  w ere  fo u n d  to  accu m u la te  
4 2 -6 6 %  lip id  in  th e ir b io m ass , w h en  g ro w n  o n  su n flo w er o il (C ertik  el al., 1997).
M ath em a tica l m o d els  fo r  p re d ic tio n  o f  lip id  accu m u la tio n  h av e  b een  p ro p o se d  by  
A g g e lis  et al. (1 9 9 5 a  &  1995b). U sin g  M u c o r  circinelloides as a  m o d el o leag in o u s 
o rg an ism , lip id  accu m u la tio n  w as lin k ed  to  b iom ass g ro w th  and  th e  co n cen tra tio n  o f
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ex trace llu la r lip id . T he o rgan ism  accu m u la ted  lip id  u n til th e  ex trace llu la r substra te , 
su n flo w er o il, w as exh au sted , afte r w h ich  d eg rad a tio n  o f  the re serv e  lip id  
co m m en ced . A t its peak , 27%  o f  the  d ry  w e ig h t w as m ad e  up  o f  in trace llu la r lip id . In 
th e  second  p a r t o f  th is  w ork , in d iv id u a l fa tty  ac ids w ere  stud ied , and  the  m o d el 
app lied . T he au tho rs p ro p o sed  th a t the fa te  o f  in d iv id u a l fa tty  ac ids (i.e. 
b io tran sfo rm a tio n  or accu m u la tio n ) co u ld  b e  d e te rm in ed  m ath em atica lly . A  la ter 
stu d y  p ro p o se d  an o th er m odel b ased  on  th e  d a ta  from  th ese  ex p e rim en ts  (A g g e lis  and  
Sourd is , 1997). H o w ev er, th ese  m o d els are n o t sa tis fac to ry  fo r th e  d esc rip tio n  o f  
in trace llu la r lip id  accu m u la tio n  w h en  an im al fa ts are u sed  as su b stra te  (A ggelis, 
personal communication , 2002).
V ery  little  w o rk  h as  b ee n  p u b lish ed  on  in trace llu la r lip id  accu m u la tio n  u sin g  fat 
substra tes . G ro w th  o f  fung i on  an im al fa ts by  B ednarsk i el al. (1993) rev ea led  th a t the  
a ccu m u la tio n  o f  in trace llu la r lip id s  also  occu rs in  th ese  cases. In  th is  study , it w as 
fo u n d  th a t th e  accu m u la tio n  v aried  w ith  th e  spec ies o f  fungus, m e th o d  o f  cu ltiv a tio n  
and  th e  so u rce  o f  ca rb o n  used . T h e  fa tty  ac id  co m p o sitio n  o f  in trac e llu la r lip id  w as 
also  g rea tly  a ffec ted  b y  the  co m p o sitio n  o f  th e  substrate .
U sing  an  industria l fa t as so le  su b stra te  fo r Yarrowia lipolytica, P ap an ik o lao u  el al. 
(2001) fo u n d  th a t the  y ea s t co u ld  ac cu m u la te  u p  to  4 4 %  o f  its d ry  w e ig h t as 
in trace llu la r lip id . T h is  accu m u la ted  fa t w as  m o stly  co m p o sed  o f  sa tu ra ted  fa tty  acids, 
w h ile  u n sa tu ra ted  ones ap p eared  to  b e  consum ed  fo r g ro w th  and structu ra l 
in co rp o ra tio n  in to  the cell. I t w as su g g ested  th a t the  re su ltin g  in trace llu la r lip id  h ad  a 
fa tty  ac id  co m p o sitio n  s im ila r to  co co a  bu tter, and  m ay  be su itab le  as a  su b stitu te  for
T h e  in co rp o ra tio n  o f  fa tty  ac id s  from  th e  m ed iu m  in to  b io m ass w as stud ied  by A ok i 
el al. (1999). It w as fo u n d  th a t p o ly u n sa tu ra ted  fatty  ac ids fro m  18 to  22 carbons in 
leng th , p re sen ted  sep a ra te ly  in  cu ltu res, w ere  in co rp o ra ted  into in trace llu la r 
trig ly ce rid e s  o f  M u c o r  hiemalis. W h en  a  m ix tu re  o f  sa tu ra ted  and  u n sa tu ra ted  fa tty
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ac ids w as  p re sen ted  to  th e  o rg an ism , all fa tty  ac ids w ere  u tilised  fo r g row th , b u t 
sa tu ra ted  and  m o n o u n sa tu ra ted  fa tty  ac ids accu m u la ted  p re fe re n tia lly  in  in trace llu la r 
lip ids.
T he p h en o m en o n  o f  lip id  ac cu m u la tio n  is im p o rtan t from  a w aste  trea tm en t p o in t o f  
v iew , as it low ers the  d en sity  o f  the  b io m ass , d ec reasin g  its  ab ility  to  settle  ou t in  
clarifiers . A lso , b io m ass th a t is separated , w o u ld  h av e  a h ig h  lip id  co n ten t th a t still 
req u ires  d isposal. Ideally , in  a  w aste  trea tm en t en v iro n m en t, th e  accu m u la tio n  o f  
in trace llu la r lip id  sh o u ld  be  as lo w  as p o ss ib le  to  avo id  th ese  co m p lica tio n s.
1.5 L ip id  in  l iq u id  w a s te  s t re a m s
F ats, o ils  and  g reases p re sen t a  m a jo r d isposa l p ro b lem  in o u r society . T hey  com e 
fro m  a w id e  range o f  sou rces, all co n trib u tin g  to  the  p o llu tio n  load  in  w astew ater 
trea tm e n t p lan ts , b o th  m u n ic ip a l and  industria l. T y p ica lly  fa ts, o ils and  g reases are 
p re sen t in  d o m estic  w astew ate rs  in  th e  ran g e  o f  50 to  150m g/l, acco u n tin g  fo r up to 
30%  o f  C O D  (H am m er an d  H am m er, 2001). F aeces co n ta in s  u p  to  23%  lip id , m ak in g  
up a la rg e  p a rt o f  th is  d o m estic  w aste  lip id  lo ad  (M ah lie , 1940). In  in d u stria l 
w astew ate rs , th ey  can  be  p re sen t a t leve ls  o f  500m g/l an d  h ig h er. T he ty p es  o f  
in d u stry  th a t m ay  p ro d u ce  such  w astew a te r are nu m ero u s: dairy , ren d erin g  
o p era tio n s, o il and  fa t re fin in g , s lau g h terh o u ses , m ea t p ac k in g  and  v eg e tab le  oil 
p ro d u c tio n  industries . R es tau ra n t and  fo o d  p rep a ra tio n  in d u stries  also  genera te  large 
am o u n ts  o f  w aste  fa t an d  oil fro m  genera l k itch en  ac tiv ities  (B ed n arsk i el al., 1993, 
B rid o u x  et al., 1994, D u ch en e , 1980, H am m er and  H am m er, 2 001 , L efebvre  et al.,
1998, M e tc a lf  and  E d d y , 1991, P e tru y  and  L ettinga, 1997, W ak e lin  and F orster, 
1997). O th er ag ro -in d u str ia l o p era tio n s  can  p roduce  la rger am o u n ts  o f  lip id  w aste , 
su ch  as th e  w o o l sco u rin g  industry . W ool sco u rin g  w astew a te r h as  b een  k n o w n  to 
co n ta in  up  to  10 ,000m g/l g rease  (A ng  and  H im aw an , 1994).
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F ats and  g reases, w h en  th ey  en ter sew ers  in  w aste  stream s, coa t sew er n e tw o rk s and 
tre a tm e n t p lan t p ip in g , d ec rea s in g  th e  e ffec tiv e  d iam ete r o f  th e  p ip es  and  causing  
p u m p in g  p ro b lem s. T h is accu m u la tio n  is m ore  ap p a ren t in  large  sew ers and 
w aste w a te r trea tm en t p lan ts  th an  in  sm all ones, due to  th e  h ig h e r v o lu m e o f  
w astew ate r . A lso , i f  lip id  m ate ria l is n o t rem o v ed  fro m  the fin a l e ffluen t, it can  
in te rfe re  w ith  b io lo g ica l ac tiv ity  in  re ce iv in g  w ate rs , and  is u n sig h tly  and 
ae s th e tic a lly  u n p leasan t (M e tc a lf  an d  E d d y , 1991, B rid o u x  et al, 1994).
L eg a lly , all in d u stries  are re sp o n sib le  fo r en su rin g  th e  p ro p e r tre a tm e n t o f  w astes 
re su ltin g  fro m  th e ir  operations. E m iss io n s  from  industries  in  Ire lan d  are reg u la ted  by  
th e  E n v iro n m en ta l P ro tec tio n  A g en cy  (E P A ). T he E P A  sets m ax im u m  levels fo r fat, 
o ils an d  g rease  em issio n s as a  s in g le  p aram eter. T h is  level can  v a ry  from  in d u stry  to  
in d u stry , d ep en d in g  on  th e  n a tu re  o f  th e  w astew ater, and  th e  u ltim a te  d isposal 
lo ca tio n  o f  re su ltin g  effluen t. T he lim its  se t fo r d isch arg e  in to  riv ers  are b e tw een  10 
and  15m g/l. F at, oil and  g rease  em iss io n s  to  m arin e  en v iro n m en ts  a re  lim ited  to  
s im ila r levels , o f  a round  30m g/l. A d h e rin g  to  th ese  lim its  is a  ch a llen g e  fo r these  
in d u stries , w h ich  p ro d u ce  co n sid e rab le  am o u n ts  o f  lip id -co n ta in in g  w astew ater.
1.6 M e th o d s  o f  l ip id  re m o v a l  f ro m  w a s te  s t re a m s
F ats  a re  am o n g  the  m o st n o n -d eg rad ab le  o leo ch em icals  en co u n te red  in  w astew ate r 
trea tm en t. In  th e  cou rse  o f  p ro cess in g , u se  and d isposal o f  fa ts and  fa t-co n ta in in g  
p ro d u c ts , th ey  fin d  th e ir w ay  ev en tu a lly  in to  w aste  stream s, an d  en ter w astew ate r 
tre a tm e n t p lan ts , w h ere  th ey  h av e  to  b e  rem o v ed  by  p h y sico -ch em ica l o r b io lo g ica l 
m eans. T h is  p resen ts  a  p ro b lem  due to  th e ir in so lu b le  n a tu re  an d  th e ir p o o r 
b io d eg rad ab ility , in h ib itin g  b io lo g ica l rem ova l, or in  th e  case  o f  p h y sico -ch em ica l 
rem o v a l, b y  the  large q u an titie s  reco v ered  (R atledge , 1992, B rid o u x  et al., 1994).
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1.6.1 Physical and chemical methods o f lipid removal
M an y  w astew a te r trea tm en t p lan ts  u se  p h y sico -ch em ica l p rim ary  trea tm en t for fa t 
rem o v a l w h e n  n ecessary , b efo re  p ass in g  th e  w a ste  s tream  to th e  b io lo g ica l stage. T his 
can  be as s im p le  as a  fa t trap  or as co m p lex  as a  D isso lv ed  A ir F lo ta tio n  (D A F) 
system .
F a t trap s  a re  a  lo w -tech n o lo g y  m e th o d  o f  rem o v in g  fa t from  w aste w a te r flow s. 
W as te w a te r flo w s in to  th e  trap  and  p asse s  th ro u g h  a  series o f  b a ffles  to reduce 
tu rb u len c e  and  in crease  re s id en ce  tim e , cau s in g  fa t to  separate . T h e  fa t flo a ts  to  the 
to p  o f  th e  u n it due to  its lo w er d ensity , w h ile  th e  efflu en t is tak en  from  th e  low er 
c la rified  liqu id . F at is p h y sica lly  re m o v e d  p e rio d ica lly  from  the  to p  o f  the  trap . T h ese  
u n its  req u ire  co n stan t m a in ten an ce  and th e  recovered  fa t p re sen ts  an  add itional 
d isp o sa l p ro b lem . P o o rly  m ain ta in ed  u n its  a re  useless at c la rify in g  w astew ate r, and 
co n trib u te  to  o d o u r and  h y g ien e  n u isances. F a t traps are co n sid ered  by  m an y  users to 
be  u n sa tis fac to ry  fo r fa t rem o v a l (W ak e lin  an d  F orster, 1997, A n sen n e  et al., 1992, 
D u ch en e , 1980). A ttem p ts  hav e  b een  m ad e  to  im prove  co n v en tio n a l d esig n s, b u t on ly  
s lig h t im p ro v em en ts  w ere  o b serv ed  (C h u  an d  N g , 2000). A d d itio n  o f  f lo ccu lan ts  and 
ac id s  can  im p ro v e  rem o v al, b u t o ther ch em ica ls  w ere  found  to  be d e trim en ta l to  lip id  
rem o v a l (A n g  and  H im aw an , 1994).
D A F  sy s tem s u se  b o th  p h y sica l and  ch em ica l m eans to rem o v e  fa ts , o ils and  g reases. 
T h ey  o p e ra te  u s in g  a co m b in a tio n  o f  f lo ccu la tin g  ch em icals , and  sa tu ra tio n  o f  all or 
p a r t o f  th e  w a ste  stream  w ith  a ir u n d e r sev era l a tm o sp h eres p re ssu re  (F igu re  5). T he 
p re ssu rise d  s tream  enters the  tan k , w h ere  fin e  air b u b b les  co m e ou t o f  so lu tio n  at 
a tm o sp h eric  p re ssu re . T h e  f lo ccu la tin g  agen ts, su ch  as fe rric  ch lo rid e  and  
p o ly e lec tro ly te s , are  added  to  fo rm  la rg e r p articu la te s  w h ich  can  trap  a ir bu b b les  
m o re  easily . T he fine bu b b les  flo a t to  the  top  o f  the tank , ca rry in g  th e  p articu la te  
ag g reg a tes , w h e re  th ey  can  be  re m o v e d  and  co llec ted  in  a rece iv in g  vesse l. V aria tio n s 
o f  D A F  u tilise  a ir p u m p ed  in to  th e  tan k , o r v acu u m  flo ta tio n , w h en  a p a rtia l v acu u m
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is ap p lied  to  a ir-sa tu ra ted  w astew ate r (M e tc a lf  and  E ddy , 1991). T h e  ad d itio n  o f  
u n co n v e n tio n a l ch em ica ls  to w aste  flo w  at p eak  tim es has also  b een  ex am in ed  for 
en h an ced  fa t rem o v a l, b u t req u ires  co n tin u o u s  m o n ito rin g  o f  fa t co n cen tra tio n s  



















F ig u re  5: D isso lv ed  A ir F lo ta tio n  (D A F) u n it fo r sep a ra tin g  fa ts, o ils  and g reases 
fro m  w aste w a te r p r io r  to  b io lo g ica l trea tm en t. (M cD erm o tt, 1982)
A lth o u g h  e ffec tiv e  w ith  co n stan t s tream s, th ese  sy stem s are p ro n e  to  shock  
o v erlo ad in g , an d  can  be in e ffec tiv e  w ith  h ig h  co n cen tra tio n s  o f  lip ids (C h u  and  H su,
1999, M e tc a lf  and  E d d y , 1991, F o rster, 1992) A lso , th ey  p ro d u ce  la rg e  q u an titie s  o f  
lip id  co n ta in in g  sludge , w h ich  p resen ts  a  fu rth e r d isp o sa l p ro b lem , and  partia l 
g ly cerid es  w h ich  m ay  be p re sen t hav e  ém u ls ifica tio n  p ro p e rtie s , w h ich  can  in terfere 
w ith  flo ccu la tio n  (M cD erm o tt, 1982). T h e  reco v ery  o f  th is  lip id  fo r re -u se  is o ften  no t 
p rac tica l b ec au se  o f  co n tam in a tio n  w ith  tissu e , so il and  faecal m atte r, so d isp o sa l m ay 
be th e  o n ly  o p tio n  (B ro u g h to n  et al., 1998).
In -lin e  filtra tio n  h as  b ee n  u sed  on  w astew a te rs  as an  a lte rn a tiv e  to  fa t trap s  or D A F 
u n its (B ayer, 1996). D ia to m aceo u s ea rth  is used  as the  filte rin g  agen t, an d  it red u ces 
fa ts, o ils  an d  g reases, an d  h en c e  in so lu b le  B O D  asso c ia ted  w ith  th em , to  lo w  levels. It
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h as n o t b een  u sed  w id e ly  in  fa t w astew a te r trea tm en t, and p ro d u ces  a h ig h  fa t sludge 
w h ich  has to  b e  d isp o sed  of. A lte rn a tiv e  filtra tio n  m ed ia , su ch  as san d  or an th racite , 
h av e  also  b e e n  tried , b u t w ere  ev en  less e ffec tiv e  than  d ia to m aceo u s  earth . T hese  
sy stem s ca n n o t be e ffec tiv e ly  b ack w ash ed  due to  th e  h y d ro p h o b ic ity  o f  fa t w aste  and 
its ten d en cy  to  s tick  to surfaces.
S k im m in g  dev ices  h av e  b een  u sed  fo r the  rem oval o f  lip id s  in  liq u id  form  
(M °D erm ott, 1982). T hese  dev ices w o rk  by  p assin g  a belt, m ad e  o f  a  h y d ro p h o b ic  
m ate ria l su ch  as a  p lastic , th ro u g h  th e  lip id  lay er in  a  se ttlin g  tank . H y d ro p h o b ic  
m a te ria ls  s tick  to  th e  belt, and  are sk im m ed  o f f  a t a co llec to r p o in t ab o v e  the  liqu id  
level. T h ese  d ev ices  w o rk  w ell w ith  liqu id  lip id , b u t in  cases w ith  fat, w h ich  is so lid  
or sem i-so lid , the  co n g ea led  lip ids cause  p ro b lem s. T he dev ices h av e  to  be  opera ted  
at h ig h  tem p e ra tu re s  to  b e  effective.
T h e  p h y sico -ch em ica l m eth o d s o f  fa t rem o v a l p ro d u ce  a  b y -p ro d u c t w h ich  has to  be 
d isp o sed  of. T h e  d u m p in g  o f  lip id  w astes  to  landfill has b een  b an n ed  in  m any 
co u n trie s, fo r ex am p le , F ran ce  (L e feb v re  et al., 1998), so a lte rn a tiv es  fo r d isposal 
h av e  to  be  found . In  so m e in d u stries , w a ste  ta llo w  is n o w  in c in era ted , b u t th e  u se  o f  
in c in era to rs  is co n tro v e rsia l due to  the p ro d u c tio n  o f  b y -p ro d u cts  su ch  as d iox ins.
1 .6 .2  B io lo g ica l re m o v a l  o f  l ip id s
A s an  a lte rn a tiv e  to  p h y sico -ch em ica l m eth o d s, several m o d es o f  b io lo g ica l trea tm en t 
h av e  b ee n  u tilised . S ince d u m p in g  o f  lip id  re sid u es  is re s tr ic ted  and  in c in e ra tio n  is 
co n tro v e rs ia l, b io lo g ica l d eg rad a tio n  is an  a ttrac tiv e  a lternative . B o th  ae rob ic  and 
an aero b ic  sy stem s h av e  b een  stu d ied  fo r th e  trea tm en t o f  lip id -co n ta in in g  w astes. 
B o th  ty p es  o f  sy stem s face  a  ch a llen g in g  su b stra te  w h en  fed  w ith  h ig h  co n cen tra tio n s 
o f  fats. T h e  lim ited  b io av a ilab ility  o f  fa ts  can  in h ib it b reakdow n . B io d ég rad a tio n  
d ep en d s  o n  th e  u p tak e  o f  p rim ary  m e tab o lites  (i.e. long  ch a in  fa tty  ac ids) in to  the 
m icro b ia l ce ll, so h y d ro ly sis  m u st h ap p en  ex trace llu larly . W ith  fa ts  fo rm ing
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h y d ro p h o b ic  m asses , en zy m atic  b reak d o w n  w ill b e  re str ic ted , re ta rd in g  th e  re lease  o f  
fa tty  acids. L o n g  ch a in  fa tty  ac ids in  tu rn  are re la tiv e ly  h y d ro p h o b ic , p ro v id in g  
fu rth e r re s is tan ce  to  b io d ég rad a tio n  (H am m er and  H am m er, 2001 , L efeb v re  el al, 
1998, L o eh r and R o th , 1968). H o w ev er, d esp ite  th is , bo th  types o f  sy stem s have  been  
u tilised  in  rem o v in g  fa ts, o ils and  g reases fro m  w aste  stream s.
1 .6 .2 .1  A n a e ro b ic  b io lo g ic a l re m o v a l o f  lip id s
A n aero b ic  d ig esto rs  h av e  b een  ex ten siv e ly  u sed  in fo o d  p ro cess in g  in d u stries . T hese  
reac to rs  can  be e ith e r su sp en d ed  o r a ttach ed  g ro w th  system s. S u sp en d ed  g row th  
sy stem s can  be  in  th e  fo rm  o f  a  s im p le  d ig estio n  reacto r, f lu id ised  b ed  system s, 
ex p an d ed  bed  sy stem s, u p flo w  an aero b ic  sludge b lan k e t (U A S B ) sy stem s, b affled  
reac to rs  and  o th er v aria tions. A ttach ed  g ro w th  system s u se  v a rio u s  ty p es o f  so lid  
m ed ia  on  w h ich  the  m icro o rg an ism s g row , or a v a ria tio n  o f  su sp en d ed  g row th  
ex p an d ed  bed  sy stem s, w h ere  the  b io m ass is a ttach ed  to  sand  or an o th er ap p ro p ria te  
m ed iu m  (M e tc a lf  and E ddy , 1991). In  A u stra lia , trea tm en t o f  w o o l-sco u rin g  
w astew ate r , w h ich  co n ta in s  up to  10000m g/l g rease , is ca rried  o u t by  th e  u se  o f  open  
an aero b ic  o r fa cu lta tiv e  lagoons. H o w ev er, th is  requ ires la rg e  a reas  o f  land . T h ey  also  
em it o d o u rs  and are u n sig h tly , re su ltin g  in  p ro b lem s o f  siting  in  a su itab le  loca tion  
(A ng  and  H im aw an , 1994).
T h ese  sy stem s h av e  lo n g  re ten tio n  tim es o f  30-60  days fo r trea tm e n t o f  w aste  w hen  
u sed  in  th e ir  s im p le s t fo rm , u n h ea ted  an d  u nm ixed . T his long  re ten tio n  tim e  itse lf  
c rea tes  o p era tio n a l p ro b lem s, in  p a rtic u la r  w ith  h ig h  fa t w astew ate rs , in  w h ich  a 
su b stan tia l fa t lay er can  accu m u la te  o n  th e  su rface  o f  the  liqu id  (M cD erm o tt, 1982). 
M o re  ad v an ced  sy stem s in co rp o ra tin g  m ix in g  and h ea tin g  to  m eso p h ilic  or 
th e rm o p h ilic  tem p era tu res  have  lo w er re te n tio n  tim es, ty p ica lly  15 days o r less , hence 
th ey  are ca lled  ‘h ig h -ra te ’ reacto rs. T his can  ov erco m e the p ro b lem  o f  a  flo a tin g  fa t 
layer, and  th e  fa t rem a in s in  a liqu id , and  m o re  b io av a ilab le  state  in  h ea te d  system s 
(H an sen  and  M o rten sen , 1992, G a lle rt and  W in ter, 1999). B ro u g h to n  el al. (1998),
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h o w ev er, d em o n stra ted  th a t a lth o u g h  d eg rad a tio n  o f  fa ts w as tech n ica lly  p o ss ib le  in 
m eso p h ilic  an aero b ic  d ig êsto rs , th e rm o p h ilic  an aero b ic  d ig esto rs  w ere  n o t very  
effec tiv e  fo r h ig h -fa t co n ta in in g  w aste . T he fa t co n ten t o f  the e fflu en t from  these 
sy stem s w as u n accep tab ly  h ig h  fo r a  trea ted  w astew a te r stream .
T h e  p ro b lem s o f  h ig h  lip id  e fflu en t from  the  reac to rs  can  be  caused  by  a n u m b er o f  
p h en o m en a . H y d ro ly sis  o f  trig ly cerid es  m ay  b e  in h ib ited  in  an aero b ic  sy stem s w ith  
h ig h  lip id  co n ten t in fluen t, s low ing  the  b io d ég ra d a tio n  o f  the  fa ts fu rth e r (V idal et al,
2000). T e rash im a  and  L in  (2000) sh o w ed  a  large  lag  o f  so lid  fat rem o v a l (50  d ay s) in 
a  b a tch  an aero b ic  reac to r, w ith  25%  o f  th e  lip id  rem a in in g  afte r 300 days. L ab o ra to ry  
sca le  ex p e rim en ts  w ith  m ilk  fa t by P e tru y  and  L e ttin g a  (1997) sh o w  th a t lip id  is 
p o o rly  d eg rad ed  in  ex p an d ed  g ranu la r sludge b ed  anaero b ic  reac to rs , w ith  m o st o f  the 
lip id  b e in g  ab so rb ed  onto  th e  b iom ass and  n o t b e in g  degraded . O nly  2 2 %  w as 
co m p le te ly  m e tab o lised  a fte r 27  days. C o a tin g  o f  the  g ranu les in  U A S B  and  sim ilar 
sy stem s in h ib its  b io d ég rad a tio n  and  cau ses  som e w ash o u t o f  b iom ass by  en trap m en t 
(B a ts to n e  et al., 1997). T h is p ro b lem  w as also  en co u n te red  by  H aw k es et al. (1995) 
d u rin g  o p e ra tio n  o f  p ilo t sca le  anaero b ic  w aste  trea tm en t system s. A lth o u g h  C O D  
rem o v a l w as h ig h  (fro m  50%  to 80% ), o th er o p era tio n a l p ro b lem s w ere  en co u n te red , 
su ch  as the  in ab ility  o f  the  U A S B  sy stem  to fo rm  b io m ass g ranu les. O th er stud ies 
a ttem p ted  to  add ress th is p ro b lem  b y  m o d ify in g  the  d esig n  o f  re ac to rs , w ith  lim ited  
success (R in zem a  et al, 1993). A lth o u g h  b io m ass w ash o u t w as red u ced , flo a tin g  
lip id  p re sen ted  an  ad d itio n a l p rob lem .
E v en  w h en  tr ig ly ce rid e  h y d ro ly sis  occu rs, the p ro d u c ts  o f  b reak d o w n , long  cha in  
fa tty  ac ids, h av e  accu m u la ted  in  anaero b ic  sy stem s (B ro u g h to n  et al., 1998, H an ak i et 
al, 1981, L o eh r and  R o th , 1968). S atu rated  fa tty  ac ids ap p ear to be m o re  reca lc itran t 
th an  u n sa tu ra te d  fa tty  ac ids, as seen  in  the  ex p e rim en ts  o f  L alm an  and  B ag ley  (2000 
&  2001). P a lm itic , m y ris tic  and stearic  ac ids accu m u la ted  for ex ten d ed  p erio d s in 
reac to rs , and  m ay  hav e  b een  inh ib itin g  th e ir ow n  ox idation . In ex p e rim en ts  w ith  
s tearic  ac id  as so le  ca rb o n  source , it w as v ery  s lo w ly  deg raded , w ith  o v er 50%
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rem a in in g  a fte r 50 days. O leic , lino le ic  and  p a lm ito le ic  ac ids w ere  read ily  co n v erted  
to  sa tu ra ted  fa tty  ac id s  w h en  p re sen ted  to  the  b iom ass. In  all th ese  cases, it ap p eared  
th a t |3 -oxidation  o f  th e  fa tty  ac ids w as inh ib ited .
A ccu m u la ted  long  ch a in  fa tty  ac ids p re sen t an  ad d itio n a l p ro b lem  to an aero b ic  w aste  
trea tm en t system s. T hey  are to x ic  to th e  b io m ass, in h ib itin g  no t on ly  th e ir  ow n  
b reak d o w n , b u t th a t o f  o th er n u trien ts  in  the  w a ste  stream . T h is occu rs  b y  th e  tox ic  
e ffec t th ey  h av e  on m e th an o g en ic  and  ace to g en ic  b ac te ria  (B eck er et al., 1999, 
H an ak i et al., 1981). R ep re ss io n  o f  m ilk -fa t d eg rad a tio n  b y  in h ib itio n  o f  fa tty  ac id  
b reak d o w n  w as d em o n stra ted  b y  H an ak i et al. (1981). W h en  m ilk  fat w as ad d ed  to 
th e  reac to r at 4 0 0 0 m g /l, i t  w as h y d ro ly sed  easily  b u t th e  re su ltin g  fa tty  acids 
p ro d u ced  ap p a ren tly  re ta rd ed  th e ir ow n  (3-oxidation. C h ap p e  et al. (1994) fo u n d  tha t 
long  ch a in  fa tty  ac ids are to x ic  to  ce rta in  m icro o rg an ism s p re sen t in  b io ad d itiv es , in  
p articu la r Bacillus spec ies. O leic  ac id  sp ec if ica lly  h as  b ee n  sh o w n  in  n u m ero u s 
stud ies to  be re sp o n sib le  fo r th e  fa ilu re  o f  trea tm en t system s. In  an aero b ic  fix ed -b ed  
system s, it has b een  sh o w n  to  be to x ic  above levels as lo w  as 80m g/l (A lves et al.,
2001). A cc lim a ted  s lu d g es w ere  m o re  to le ra n t to  long  ch a in  fa tty  ac ids. A cc lim a tio n  
tim es w ere, h o w ev er, ab o u t 100 days b efo re  to le ran ce  to o le ic  ac id  increased . In  
su sp en d ed  b io m ass  sy stem s, th e  to x ic  co n cen tra tio n  w as fo u n d  to  be  as lo w  as 30m g/l 
o le ic  acid , a lth o u g h  stea ric  ac id  w as found  to be  safe up  to  100m g/l (L a lm an  and 
B ag ley , 2001). O ther s tud ies d em o n stra ted  th a t the  ty p e  o f  reacto r, and  h en ce  the 
fo rm  o f  th e  b io m ass, h ad  an  e ffec t on  th e  to x ic ity  o f  lo n g  ch a in  fa tty  ac id s  (P ere ira  et 
al., 2002). I t w as  fo u n d  th a t the  re sis tan ce  to  o le ic  ac id  to x ic ity  w as ten  tim es g reater 
in  an  ex p an d ed  g ran u la r sludge bed  re ac to r th an  in  an  an aero b ic  system  w ith  
su sp en d ed  b io m ass. T h e  to x ic  e ffec t o f  o le ic  ac id  h as  also  b een  sh o w n  in  an aero b ic  
fix ed  b ed  sy stem s b y  A lv es  et al. (2001).
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1.6.2.2 Aerobic biological removal of lipids
A ero b ic  b io lo g ica l rem o v a l o f  lip id s  has b een  sh o w n  to be m ore p ro m isin g . 
M en d o za -E sp in o sa  and  S tep h en so n  (1996) stu d ied  ac tiv a ted  slu d g e  and  a  co m m erc ia l 
b io au g m en ta tio n  p ro d u c t in  lab o ra to ry  sca le  ba tch  exp erim en ts. T h ey  rep o rted  th a t 
70%  rem o v a l o f  up to  2 .3 g/1 la rd  w as ach iev ed  afte r 16 days by  b o th  ac tiv a ted  sludge 
and  the b io ad d itiv e  cu ltu res, w h en  acc lim a ted  to  its p resen ce  fo r ex ten d ed  p erio d s o f  
tim e. N o  d iffe ren ce  in  th e  rem o v a l ab ilitie s  by th e  ac tiv a ted  sludge or th e  b io ad d itiv e  
w as noted .
W ak elin  and F o rste r (1997  &  1998) co m p ared  ac tiv a ted  slu d g e  and  an u n d efin ed  
m ix ed  cu ltu re , ca lled  M C I , iso la ted  from  restau ran t g rease  traps. Pure cu ltu res o f  
Acinetobacter sp ., R ho do co cc u s rubra, Nocardia a m a r a e  and  Microthrix parvicella 
w ere  also  co m p ared  w ith  M C I and  ac tiv a ted  sludge. T he iso la tes  rem o v ed  from  17%  
to  67%  o f  8g/l lip id , d ep en d in g  on  th e  ty p e  o f  oil and  th e  spec ies o f  o rgan ism . In 
co m p ariso n , M C I rem o v ed  from  29%  to 72% , w h ile  ac tiv a ted  sludge ach iev ed  from  
52%  to  98%  u n d er the  sam e co nd itions. F u rth er s tud ies on  M C I and  ac tiv a ted  sludge 
in  a  sp ec ia lly  designed  re ac to r fo u n d  th a t the  m ix ed  cu ltu re  co u ld  ach iev e  up  to  83%  
rem o v a l o f  g rease  fro m  a  fa s t food  restau ran t, b u t acc lim a ted  ac tiv a ted  sludge 
p ro d u ced  th e  h ig h est re su lts , w ith  over 90%  rem oval. T h e  sy stem  in v o lv ed  w as 
o p era ted  in  a  fill and  d raw  fash ion , w ith  in flu en t g rease  at 2 0g /l, o p era ted  w ith  a 4 
day  h y d rau lic  re ten tio n  tim e. T he u se  o f  a  p re lim in ary  b io lo g ica l system  w ith  these 
m ic ro b ia l co m m u n itie s  p ro d u ced  a ‘sing le  p h ase  e ff lu e n t’ su itab le  fo r d isch arg e  in 
sew ers, and  fu rth e r trea tm e n t in  a co n v en tio n a l w aste  tre a tm e n t system .
T h e  u se  o f  d e fin ed  m ix ed  cu ltu res  in  rem o v a l o f  lip id  w aste  w as s tu d ied  by  C h ig u sa  
et al. (1996). T hey  iso la ted  n ine  y east spec ies, m o stly  C a n di da  spec ies, from  
w astew a te r trea tm en t sy stem s o f  fo o d  m an u fac tu rin g  p lan ts. U sin g  a m ix tu re  o f  the 9 
y ea s t s tra ins, in  a reac to r fed  w ith  w astew ate r co n ta in in g  an  average  o f  10 ,000m g/l 
o il, th e  efflu en t co n c en tra tio n  o f  lip id  w as red u ced  to  ab o u t 100m g/l. O n  trea tm e n t o f
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th e  re su ltin g  efflu en t in  an  ac tiv a ted  slu d g e  system , th is  level w as red u ced  to  b e lo w  
2m g/l. T an o -D eb rah  et al. (1999) also  u sed  a d efin ed  m ix ed  cu ltu re , in  th is  case o f  15 
b ac te ria l iso la tes . T he iso la tes  w ere  n o t id en tified , bu t w ere  d e te rm in ed  to  be non- 
p a th o g en ic . T h e  p ercen tag e  rem o v a l o f  100g/l lip id  varied  w ith  p u re  fa t sam p les  from  
2 4 %  to 73%  afte r 14 days. W ith  a m ix tu re  o f  several fa ts  and  o ils, m an ip u la tio n  o f  
the en v iro n m en ta l co n d itio n s b y  su p p lem en tin g  w ith  ad d itio n a l carbon  sou rces and 
v a r ia tio n  o f  th e  p H  led  to  95%  rem oval.
G ru lo is  et al. (1992  &  1993) d ev e lo p ed  a  b io lo g ica l sy stem  capab le  o f  h an d lin g  fat- 
co n ta in in g  w astew ater, ca lled  th e  ‘B io m aste r G ’ system . T h e  system  co n sis ted  o f  an  
ae ra tio n  b as in  in to  w h ich  th e  w astew a te r w as p u m p ed , and  an  in o cu lu m  o f  a defin ed  
co n so rtiu m  o f  m icro o rg an ism s w as added . G rea te r th an  80%  rem o v a l w as ach ieved  
u s in g  th e  system  on  a m u n ic ip a l w astew a te r flow , co n ta in in g  up  to  2g /l lip id  m ateria l.
H ru d ey  (1981) d em o n stra ted  th a t low  co n cen tra tio n s  o f  em u lsified  lip id  co u ld  be 
e ffec tiv e ly  rem o v ed  by  ac tiv a ted  sludge, b u t above 0 .25g  lip id  d ay ’1 g ’1 m ix ed  liq u o r 
su sp en d ed  so lid s, th e  e fflu en t q u a lity  d eterio ra ted . T h e  rem o v a l o f  sap o n ified  lip id  
m ate ria l w as d em o n stra ted  by  K a lle l et al. (1994) and  L efeb v re  et al. (1998). T he 
lip id  w as firs t h y d ro ly sed  ch em ica lly  u sin g  so d iu m  h y d ro x id e , fo llo w ed  by  
in tro d u c tio n  o f  the  re su ltin g  efflu en t in to  ac tiva ted  sludge reacto rs. T his re p la ced  the 
b io lo g ica l h y d ro ly s is  o f  lip id  w ith  a chem ical p rocess. K a lle l et al. s tu d ied  the  
sap o n ifica tio n  o f  th e  lip id  m ate ria l in  a w astew a te r tre a tm e n t p lan t. W ith  an  in flu en t 
lip id  co n cen tra tio n  co rre sp o n d in g  to  2 to  3 g/1.d C O D , efflu en t C O D  afte r 
sap o n ifica tio n  and  ac tiv a ted  slu d g e  trea tm en t w as less th an  1 g/1. L efeb v re  et al. found  
th a t a t lab o ra to ry  scale , sap o n ifica tio n  o f  lip id  from  d o m estic  w astew a te r in c reased  its 
b io d ég rad a tio n  b y  ac tiv a ted  sludge to  g rea ter th an  98% , o f  an  in itia l co n cen tra tio n  o f  
0 .4g/l. W ith o u t sap o n ifica tio n , rem o v a l w as 87% . T h ese  s tu d ies  rep o rted  ad v an tag es  
o f  p re -sap o n ifica tio n  o f  lip id  residues, such  as la rger co n tac t su rface  fo r th e  b io lo g ica l 
s tage o f  trea tm e n t and ea s ie r  h an d lin g  o f  lip id  m ateria l. H o w ev er, fo am in g  p ro b lem s 
w ere  also  no ted .
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T he ab ility  o f  sev era l co m m erc ia l b io ad d itiv e s  to  b io d eg rad e  lip id  w as s tu d ied  by 
C h ap p e  et al. (1994). U s in g  50g /l em u ls ified  o live  oil as the  su b stra te , no n e  o f  the 
b io ad d itiv e s  w ere  cap ab le  o f  co m p le te ly  rem o v in g  th e  added  lip id , a lth o u g h  the  
p e rcen tag e  rem o v a l ra te s  w ere  n o t rep o rted . A lso , th ey  m ad e  th e  o b serv a tio n  th a t 
G ram  p o s itiv e  b ac te ria  w ere  in h ib ited  o r d estro y ed  by  the  p resen ce  o f  free  fa tty  acids.
T he e ffec tiv e  rem oval o f  lip id  from  o live-o il co n ta in in g  w astew a te r b y  ac tiva ted  
sludge w as d esc rib ed  by  V e lio g lu  et al. (1992). U sin g  lab o ra to ry  sca le  ac tiv a ted  
sludge sy stem s, 70%  rem o v a l o f  up to  1.2g/l lip id  w as n o ted  w h en  o p era ted  at a 
stead y  state. T he w astew a te r w as  fed  at 0 .2 51/day, in to  a re ac to r o f  21 volum e. 
H o w ev er, th e  w astew a te r feed  co n ta in ed  o th er n u trien t so u rces as w ell as the  lip id .
A n  early  stu d y  by  Y o u n g  (1 9 7 9 ) c la im ed  th a t co n v en tio n a l b io lo g ica l w aste  trea tm en t 
p lan ts  can  su ccessfu lly  dea l w ith  g rease  and  oil co n ta in in g  w astew aters. T h is  study , 
h o w ev er, d id  no t rep o rt on  p ro b lem s th a t m ay  h av e  o ccu rred  in  th ese  p lan ts  as a re su lt 
o f  g rease  and  oil input.
A s w ith  an aero b ic  sy stem s, ae ro b ic  b io lo g ica l trea tm en t is a ffec ted  by the  p resen ce  o f  
lip id  w aste  in  s ig n ifican t q u an titie s . It has b een  rep o rted  th a t fa ts, o ils and  g reases 
co n trib u te  to  th e  fo rm a tio n  o f  s tab le  foam s in  th e  ae ra tio n  tanks. F ilam en to u s 
o rg an ism s asso c ia ted  w ith  fo am in g , such  as Microthrix parvicella, can  u tilise  and 
sto re  lip id , g iv ing  a  h y d ro p h o b ic  n a tu re  to th e  cell su rfaces. Rhodoc oc cu s rubra, also 
asso c ia ted  w ith  ae ra tio n  tan k  fo am in g , has been  sh o w n  to p ro d u ce  foam  w h en  grow n 
in the  p re sen ce  o f  an  o ily  su b stra te . It has been  h y p o th es ised  tha t m etab o lites  o f  lip id  
b reak d o w n , w h ich  h av e  h ig h  su rfac tan t p roperties , ca rry  the  b io m ass  th ey  are 
asso c ia ted  w ith  in to  the  fo am  zone. T he gas bu b b les  in  the  foam  are m o re  rig id  and  
sta tic  th a n  free -m o v in g  b u b b les , and th ere fo re  su b jec t the  m icro o rg an ism s in  it to  
n u trien t and  o x y g en  starva tion . F u rth er d eg rad atio n  o f  th e  lip id  m etab o lites  w o u ld  
th en  be re s tric ted . T he ad d itio n a l p ro b lem  o f  foam  in  the  final se ttlin g  tan k s  m ay  then  
occur, re le as in g  it w ith  th e  fin a l e fflu en t (F orster, 1992). O ther ea rlie r stud ies
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su g g ested  h o w ev er th a t the fo rm a tio n  o f  a  s tab le  foam  d id  n o t ap p ear to  be  d ep en d en t 
on  th e  co n cen tra tio n s o f  lip id  in  the  ae ra tio n  tan k  (G oddard  and  F o rste r, 1986).
T he loss o f  sludge from  seco n d ary  c la rifie rs  m ay  also  be  cau sed  b y  h ig h  lip id  
co n cen tra tio n s  (H y d ro sc ien ce , 1971). B io m ass w ith  h ig h  levels  o f  lip id  w ill have 
lo w er sp ec ific  g rav ity , and  w ill n o t se ttle  as e ffec tiv e ly  in  the  c larifiers. O ther 
o rg an ism s in  ac tiv a ted  sludge system s are also a ffec ted  b y  th e  ex cess p re sen ce  o f  
lip id . P ro to zo an  levels h av e  b een  sh o w n  to be  d ecreased  in  a  w aste  trea tm e n t system  
su b jec ted  to  in flu en t w ith  h ig h  lip id  co n cen tra tio n s (H rudey , 1982). L ittle  w o rk  has 
b een  ca rried  ou t on  th e  to x ic ity  o f  lo n g  ch a in  fa tty  ac ids on  ae ro b ic  system s.
T he re so lu tio n  o f  th ese  o p era tio n a l p ro b lem s is a p rio rity  fo r w astew a te r trea tm en t 
p lan t operato rs. A  ran g e  o f  b io lo g ica l p ro d u c ts  are av a ilab le  in  Ire lan d  and  ab ro ad  
w h ich  have  b een  sp ec ia lly  fo rm u la ted  fo r the  trea tm en t o f  fa t, o il and  g rease 
co n ta in in g  w astew aters . T h ese  are m icro b ia l p rep ara tio n s so m etim es w ith  enzym es 
added , u sed  to  su p p lem en t ex is tin g  p o p u la tio n s  in  w astew ate r trea tm en t p lan ts , and  to 
in tro d u ce  p o p u la tio n s  w h ere  th e  n a tu ra l p o p u la tio n s are v e ry  lo w  (e.g . in  fa t traps). 
T h ese  fo rm u la tio n s  are p e rio d ic a lly  added  to  the  w astew a te r trea tm en t system s, fat 
trap s , sew ers  and  o ther a reas w ith  lip id  co n ta in in g  w astew aters.
In  Ire lan d , th e  p rep a ra tio n s  B F L  5000F G , B F L  5050V F  and  B F L  5150P S  are 
m ark e ted  by  B io fu tu re  L td . T h ese  h av e  b een  fo rm u la ted  fo r th e  d eg rad a tio n  o f  an im al 
fa ts  an d  g reases, v eg e tab le  fa ts and  g reases, and  g rease  and  fa t in  p u m p s and  sum ps 
re sp ec tiv e ly . T h ey  are p rep a ra tio n s  b ased  o n  natu ra l, h a rm le ss  b ac te ria , sp ec ific  for 
the  ap p lica tio n  sta ted  (B io fu tu re  L td ., 2002).
Several p rep a ra tio n s  are  av a ilab le  in  B rita in  from  d iffe ren t supp liers . B io -S o ck  is a 
lo o se  w eav e  sock  co n ta in in g  d eh y d ra ted  b ac te ria  w h ich  p ro d u c e  g rease  d eg rad in g  
en zy m es, p ro d u ced  by  C o p a  L td . T h e  sock  is floated  in  th e  lo ca tio n  desired , o p era tin g  
u n d e r ae ro b ic  co n d itio n s  (C o p a  L td ., 2002). H eg trap  is a p o w d e r and  liqu id
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fo rm u la tio n  co n ta in in g  b io d eg rad ab le  su rfac tan ts  an d  a  p o p u la tio n  o f  fa t d igesting  
b ac te ria , from  O il C lean in g  B io -p ro d u c ts  L td. T he pow der, co n ta in in g  th e  d o rm an t 
b ac te ria , is ad d ed  to  the  sp ec ia lly  fo rm u la ted  liqu id  at th e  tim e  o f  u se  (O il C lean ing  
B io -p ro d u c ts  L td ., 2002). H E B  is a b len d  o f  aerob ic  and  facu lta tiv e  b ac te ria , se lec ted  
to  b io d eg rad e  an im al fats and  g reases, as w e ll as p e tro leu m  o ils. T h is  fo rm ula tion , 
so ld  by  B io p ro d u c tio n s L td ., can  b e  u se d  in  soil and  lan d  rec lam atio n , as w e ll as 
w astew a te r trea tm e n t (B io p ro d u c tio n s  L td ., 2002).
A lth o u g h  p ro d u c ts  such  as th ese  are av a ilab le  on  th e  m arke t, ta llo w  and  o th er an im al 
fa ts still p re sen t a  s ig n ifican t p ro b lem  in  w astew a te r tre a tm e n t system s. In  one 
ren d e rin g  p la n t’s system , b io ad d itiv e s  w ere  used , b u t fa iled  to  e lim in a te  p ro b lem s 
asso c ia ted  w ith  th e  h ig h  co n cen tra tio n s  o f  ta llo w  in  the  w aste  stream . P h y sica l and 
ch em ica l system s on ly  change th e  d isp o sa l p ro b lem s, as the  reco v ered  lip id  resid u e  
has to  b e  d ea lt w ith . D u m p in g  o f  fa t re s id u es in  lan d fill is no  lo n g er an  o p tion  and 
o th er m eth o d s  su ch  as in c in e ra tio n  are con troversia l. T he ad d itio n  o f  a  p re lim in ary  
b io rea c to r fo r fa t rem o v a l w o u ld  so lve  o p era tio n a l and  co m p lian ce  d ifficu ltie s  w h ere  
su ch  w a ste  ex ists.
A  b io rea c to r fo r th e  trea tm en t o f  lip id -co n ta in in g  w aste  sh o u ld  co n ta in  m icrob ial 
p o p u la tio n s  w h ich  can  co m p le te ly  b io d eg rad e  lip ids w ith o u t p ro d u c in g  p ro b lem a tic  
res id u es. H ard  fa ts such  as ta llo w  h av e  th e  ad d itio n a l d ifficu lty  o f  b e in g  in  so lid  fo rm  
at n o rm a l w aste  trea tm en t tem p era tu res . T herefo re , th e  iso la tio n  o f  m icro o rg an ism s 
cap ab le  o f  d ig estin g  ta llo w  and  o th e r an im al fa ts is the  f irs t s tage  in  th e  d ev e lo p m en t 
o f  su ch  a  reac to r. T he b re ak d o w n  o f  fa t b y  th ese  o rg an ism s w o u ld  th en  be o f  in terest 
to  id en tify  p ro b lem a tic  steps in  th e  b io d ég rad a tio n , i f  any  exist.
In  th is  p ro jec t, th e  aim s w ere:
•  to  iso la te  an  o rg an ism  o r o rg an ism s cap ab le  o f  g row ing  on  ta llo w  as a sole ca rb o n  
source;
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•  to  o p tim ise  th e  en v iro n m en ta l co n d itio n s  fo r g ro w th  o f  a se lec ted  o rg an ism  on 
ta llo w ;
•  to  in v es tig a te  the  b io d ég rad a tio n  o f  ta llo w  by a se lec ted  lip o ly tic  iso la te , and 
d e te rm in e  i f  any  o f  th e  steps in v o lv ed  w ere  lim itin g  lip id  b reak d o w n .
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2. M aterials and M ethods
2.1 Materials
2.1.1 Organisms
The organisms used were isolated from the wastewater treatment plant o f  a 
commercial rendering operation, Dublin Products Ltd., Dunlavin, Co. Wicklow, and 
from unsterilised tallow from the same operation. Wastewater and activated sludge 
were used as sources from the wastewater treatment plant.
2.1.2 Source of chemicals
Chemicals were obtained from a number o f  sources including Reidel-de-Haen, 
Sigma, Aldrich, Fluka and Supelco. Mixed tallow was obtained from Dublin Products 
Ltd., Dunlavin, Co. Wicklow.
2.1.3 Buffers
0.1M citrate phosphate buffer
This buffer was prepared by adding x ml o f 0.2M Na2H P 0 4 to (100-x) ml o f 0.1 M 
citric acid to give the desired pH, as per the following table:
pH 3.0 4.0 5.0 6.0 7.0
X 20.6 38.6 51.5 63.2 82.4
3 9
Phosphate buffer ( fo r  pH  studies)
Phosphate buffer was prepared by adding x ml 0.2M Na2HPO.i to (50-x) ml 0.2M 
NalhPO,!, and diluting to 100ml.
pH 6.0 7.0
X 6.15 30.5
K H  P h th a la te  N a O H  b u f f e r
To prepare this buffer at pH 5.0, 50ml 0.1M KH Phthalate was added to 22.6ml 0.1M 
NaOH, and made up to 100ml with distilled water.
KII Phthalate HC1 buffer
This was prepared by adding 50ml 0 .1M KH Phthalate to x ml 0 .1M MCI, and 
diluting to 100ml. The pH was determined by x, the volume o f I1C1 as follows:
pi I 3.0 4.0
X 22.3 0.1
Sodium phosphate buffer (for inoculum preparation)
0 .0 1M Sodium phosphate buffer was prepared by dissolving Na2llP0.4 (0 .01M) and 
N alhPO a (0.01 M) in distilled water. This was then adjusted to pH 7.0.
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2.1.4 M e d ia
M in im a l m e d iu m
The culture medium used was a modification o f  that described by Shikoku-Chem




(NH4)2S 0 4 2.0
K2H P 0 4 0.9
M gS0.,.7H 20  0.2
CaCl2.2H20  0.05
F eS 0 4.7H20  0.02
E n r ic h m e n t  m e d iu m
For enrichment cultures, minimal medium was adjusted to pi I 7.0 and autoclaved at 
121°C for 15 minutes. The carbon source was tallow, added at 20g/l after autoclaving.
U n b u f f e r e d  l iq u id  m e d iu m
The unbuffered medium used for other studies consisted o f the minimal medium 
supplemented with tallow. Tallow was added to the minimal medium before 




The buffered media were prepared by adding the medium components o f  the minimal 
medium to the appropriate buffers. Tallow was then added before autoclaving at 
I21"C for 15 minutes. The tallow concentration was 20g/l unless otherwise stated.
Olive oil agar
Olive oil agar was prepared by supplementing unbuffered minimal medium with 
20g/l olive oil and 2%(w/v) agar. This was auloclaved at 121°C for 15 minutes.
O liv e  o il a n t ib io t ic  a g a r
This was prepared by supplementing olive oil agar with 0.5% chloramphenicol after 
autoclaving before the medium began to solidify.
Other media
Other media were obtained from Oxoid and prepared as per the manufacturer's 
instructions. They were autoclaved at 121°C for 15 minutes, except for mall extract 
agar, which was autoclaved at 115°C for 10 minutes.
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2.2 Methods
2.2 .1  M e a s u re m e n t  o f  g ro w th
M e a s u re m e n t  o f  g ro w th  o f  n o n -f ila m e n to u s  o rg a n is m s
G row th  o f  n o n -filam en to u s  o rgan ism s w as m o n ito red  by m easu rin g  th e  O ptical 
D en sity  (O D ) at 6 6 0 n m  usin g  a U n icam  8625 U V /V IS  S p ectro p h o to m eter. T he 
sp ec tro p h o to m e te r w as  b lan k ed  ag a in st d is tilled  w ater.
M e a s u re m e n t  o f  g ro w th  o f  f i la m e n to u s  o rg a n is m s
G ro w th  o f  filam en to u s o rg an ism s w as m o n ito red  by  dry  w eigh t. T h e  m ed iu m  w as 
v acu u m -filte red  th ro u g h  p re -w eig h ed  W h a tm an  no. 1 filte r paper. T h ese  w ere  d ried  to 
co n stan t w e ig h t in  a  d ry in g  oven  at 60°C , and  re -w eig h ed . F ro m  th is th e  d ry  w e ig h t 
w as ca lcu la ted .
2 .2 .2  M e a s u re m e n t  o f  p H
T h e p H  w as m easu red  u s in g  an O rion  920A  p H  m ete r
2 .2 .3  C u l tu r e  c o n d itio n s
T he cu ltu re  m e d ia  w ere  ad d ed  at 100m l to 2 5 0 m l con ica l flasks. T he ca rb o n  source, 
ta llo w , w as  added  at 20g /l. In cu b a tio n  w as at 25°C , m ain ta in ed  in  a  w a rm  ro o m , and  
sh ak in g  at 13 0 rp m  (Je io  T ech  SK -71 sh ak er tab le). T h ese  co n d itio n s w ere  u sed  fo r all 
s tud ies u n less  o th erw ise  stated . U n in o cu la ted  co n tro ls  w ere  also  ru n  in  paralle l.
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Isolation of organisms
T he o rg an ism s w ere  iso la ted  fro m  en rich m en t cu ltu res. T h e  en rich m en t m ed iu m  w as 
in o cu la ted  w ith  ac tiv a ted  sludge or w astew a te r at 2 % (v /v ), or w ith  u n s te rilised  ta llo w  
as the  so le  sou rce  o f  m icro o rg an ism s. V ario u s in cu b a tio n  co n d itio n s w ere  u sed  fo r 
each  in o cu lu m , 30°C  and  am b ien t tem p era tu re , bo th  sh ak in g  at 130rpm  an d  n o n ­
shaking .
O n  days 3 and  15, sam p les  from  th e  en rich m en t cu ltu res w ere  streak ed  on to  o live  oil 
agar. T h ese  w ere  in cu b a te d  at th e  tem p era tu re  o f  th e ir p a ren t flask . N o n -filam en to u s  
o rg an ism s w ere  p u rif ied  b y  su b -cu ltu rin g  on to  o liv e  o il ag a r u n til pu re  cu ltu res  w ere  
ob ta ined . F ilam en to u s  fu n g i w ere  iso la ted  by  su b -cu ltu rin g  onto  o liv e  o il an tib io tic  
ag ar rep ea ted ly  u n til p u re  co lon ies w ere  ob ta ined . F o llo w in g  iso la tio n , non- 
f ilam en to u s o rg an ism s w ere  m ain ta in ed  on  n u trien t agar, and  filam en to u s fu n g i on 
m alt ex trac t agar.
O n day  21, sam p les  fro m  the  en rich m en t cu ltu res  w ere  s treaked  on to  n u trien t agar. 
Iso la tes  w ere  p u rif ied  on n u trien t agar and  m alt ex trac t agar, and  m a in ta in ed  o n  these  
m edia.
S c re e n in g  o f  n o n - f i la m e n to u s  iso la te s
T he in o cu la  fo r sc reen in g  o f  n o n -filam en to u s iso la tes w ere  o v e rn ig h t cu ltu res  in 
n u trien t b ro th  re su sp e n d ed  in  sod ium  p h o sp h a te  b u ffe r to  an  O D  o f  0 .9 -1 .2 . T h ese  
w ere  u sed  at 2 % (v /v ) in  100m l m ed iu m  w ith  20g /l ta llow . In cu b a tio n  w as at th e ir 
iso la tio n  tem p era tu re .
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Screening of filamentous isolates
T h e in o cu la  u sed  du rin g  screen ing  o f  filam en to u s iso la tes  w ere  8 m m  m y ce lia l ag ar 
p lu g s o f  th e  fung i, fro m  th e  ed g e  o f  5 -d ay  cu ltu res  on  m alt ex trac t agar. O ne m y celia l 
p lu g  w as added  to  each  flask .
G ro w th  c o n d it io n  a n d  b io d é g ra d a t io n  s tu d ie s
T h e  in o cu la  fo r g ro w th  co n d itio n s  and  b io d ég rad a tio n  s tud ies w ere  8m m  agar p lu g s 
fro m  th e  ed g e  o f  m a lt ex trac t agar law n s o f  T. harzianum  R ifa i R P1 . O ne m y ce lia l 
p lu g  fro m  a  5 -day  o ld  law n  w as used , ex cep t w h ere  th e  age and  size o f  th e  in o cu lu m  
w as b e in g  stud ied . W h en  th e  age o f  the  in o cu lu m  w as b e in g  stud ied , one  p lu g  fro m  2, 
5 or 8 -day  o ld  cu ltu res  w ere  used . W h en  in o cu lu m  size w as  b e in g  s tud ied , 1, 5 or 10 
p lu g s fro m  a  5 -day  o ld  cu ltu re  w ere  used.
W h ere  tem p era tu re  v a r ia tio n  w as b e in g  stud ied , 4°C , 25°C , 30°C  and  37°C  w ere  
m a in ta in ed  in  tem p era tu re  co n tro lled  ro o m s at th e  ap p ro p ria te  tem p era tu re . A  
tem p era tu re  o f  55°C w as ach iev ed  in  a w a te r b a th  (Ju labo  S W -20C ).
W h e n  th e  ad d itio n  o f  T w een  80 w as b e in g  stud ied , it w as ad d ed  at 2 % (v /v ) p rio r to 
au to c lav in g .
p H  stud ies w ere  ca rried  o u t b y  b u ffe rin g  the  m ed iu m  to  pH  values o f  3, 4, 5, 6 and  7. 
A n  u n b u ffe red  cu ltu re  w ith  an  in itia l p H  o f  7 w as ru n  in  p ara lle l. T h e  b u ffe red  m ed ia  
w ere  p re p a re d  b y  ad d in g  th e  m in im al m ed iu m  co m p o n en ts  to  th e  ap p ro p ria te  b u ffe r 
in s tead  o f  to  w ater.
T h e  ra te  o f  ag ita tio n  w as stu d ied  b y  ru n n in g  cu ltu res in  p ara lle l on  d iffe ren t shakers 
a t ra tes o f  0, 100, 130 and  200rpm .
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D u rin g  b io d ég rad a tio n  stud ies, ta llo w  w as stu d ied  at 1, 2 , 10 and  20g /l. S ince 
an a ly sis  in v o lv ed  the  d estru c tio n  o f  the  cu ltu res, sep ara te  flasks w ere  an a ly sed  at the  
d iffe ren t tim e  poin ts.
T h e  s tud ies on  the  m e tab o lism  o f  the  fa tty  ac id  m ix tu re  w ere  ca rried  o u t b y  ad d in g  
th e  m ix tu re  in  th e  p lace  o f  ta llo w  at th e  ap p ro p ria te  co n cen tra tio n s. T h e  fa tty  ac ids 
w ere  ad d ed  to  th e  m ed ia  p rio r to  au toc lav ing .
2 .2 .4  M o rp h o lo g ic a l  e x a m in a tio n  o f  iso la te s
T he m acro sco p ic  m o rp h o lo g y  o f  th e  iso la tes w as ex am in ed  u sin g  a lOx m ag n ifica tio n  
s te reo m ic ro sco p e  (H erte l &  R eu ss O p tik  K assel).
2 .2 .5  Id e n ti f ic a t io n  o f  th e  fu n g u s
T he filam en to u s  fungus, Trichoderma harzianum  R ifa i, se lec ted  fo r fu r th e r study, 
w as id en tified  b ased  o n  p h y sio lo g ica l and  m o rp h o lo g ica l ch a rac te ris tic s . T he 
o rg an ism  w as ex am in ed  a fte r g row th  on  m a lt ex trac t agar, w o o d  sh av in g s and  paper. 
T h e  co lo n y  m acro sco p ic  ch a rac te ris tic s  w ere  ex am in ed  u sin g  a s te reo m ic ro sco p e  
(H erte l &  R eu ss  O p tik  K asse l). F o r m icro sco p ic  ex am in a tio n  o f  th e  ag a r cu ltu res, 
tem p o ra ry  w e t m o u n ts  w e re  p rep a red  (F assa tio v â , 1986). A  sm all a rea  o f  m y c e lia  w as 
ta k e n  w ith  a  n eed le  an d  tran sfe rre d  w ith  a sm all am o u n t o f  ag ar to  a  g lass slide. A  
d rop  o f  w a te r w as ad d ed  an d  a co v er slip  w as p re sse d  onto  it. F o r ex am in a tio n  o f  
w o o d  sh av in g  and  p ap e r g ro w n  cu ltu res, a  sm all am o u n t o f  m y ce liu m  w as tak en  w ith  
a n eed le  and  trea ted  in  th e  sam e w ay. E x am in a tio n  w as ca rried  ou t w ith  a N ik o n  
O p tip h o t m icroscope . Im ag es w ere  ach iev ed  w ith  a  d ig ita l ca m e ra  w ith  a 
P lan ach ro m a t 4 0 X  0 .9 5 m m  nu m erica l aperatu re .
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T he id en tity  w as d e te rm in ed  from  in fo rm a tio n  and  k ey s in  O n io n s et al. (1986), 
(rep ro d u ced  in  A p p en d ix  A ), and  B arn e tt and  H u n te r (1972) (rep ro d u ced  in  
A p p en d ices  B and  D ). A  m a lt ex trac t ag ar s lan t o f  th e  fungus w as also  su b m itted  to  
D eu tsch e  S am m lu n g  v o n  M ik ro o rg an ism en  u n d  Z e llcu ltu ren  G m bH  (D S M Z ), 
B rau n sch w eig , G erm an y  fo r iden tity  con firm ation .
2 .2 .6  G ro w th  o f  th e  fu n g u s  o n  p a p e r  a n d  w o o d  sh a v in g s
T he p ap e r w as p rep a red  b y  m in c in g  W h a tm an  no. 1 filte r p ap e r in  a b len d e r until it 
fo rm ed  a fin e  p o w d er. T h is  p ap e r w as au to c lav ed  at 121°C fo r 10 m in u tes , and  
ap p ro x im a te ly  l g  w as ad d ed  to  each  p e tri dish. T o  th is , s terile  w a te r w as ad d ed  at th e  
ra te  o f  ap p ro x im a te ly  2m l. p e r g ram  o f  paper.
T h e  w o o d sh av in g s  w ere  fro m  so ftw ood , o b ta in ed  fro m  a lo ca l ca b in e tm a k e r’s 
w o rk sh o p . T h ey  w ere  au to c lav ed  at 121°C  fo r 10 m in u tes  and  ap p ro x im a te ly  2g  w as 
ad d ed  to  each  p e tri d ish . S terile  w a te r w as added  at th e  ra te  o f  ap p ro x im a te ly  5m l p e r 
2g  o f  w o o d sh av in g s.
T he in o cu la  fo r th e  w o o d sh av in g s  and  p ap e r w ere  p re p a re d  by  g ro w in g  th e  fungus in  
2 0 m l a liq u o ts  o f  m a lt ex trac t b ro th  fo r 5 days. T h ese  w ere  cen trifu g ed  at 4 0 0 0 rp m  fo r 
5 m in u tes , th e  liq u id  d ecan ted  off, and  re su sp en d ed  in  10m l p h o sp h a te  buffer. 
C en trifu g a tio n  w as th en  rep ea ted , th e  liq u id  decan ted , an d  th e  p e lle t re su sp en d ed  in  a 
fu rth e r 10m l p h o sp h a te  bu ffer. T h is  w as used  to  in o cu la te  the  p ap e r and  
w o o d sh av in g s  at th e  ra te  o f  2m l in  each  p e tri dish.
2 .2 .7  D u b o is  a ssa y
T h e D u b o is  assay  w as u se d  to  d e te rm in e  th e  am o u n t o f  ca rb o h y d ra te  in  a  p lu g  o f  m alt 
ex tra c t agar. T h e  m e th o d  w as as d escrib ed  by  D u b o is  et al. (1956). 0 .5 m l o f  an  
aq u eo u s sam p le  co n ta in in g  the  m a lt ex trac t agar w as m ix ed  w ith  0 .5m l o f  a  0 .53M
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p h en o l so lu tio n  (5g o f  p h en o l in  100m l w ate r) in  a te s t tube. T o th is , 2 .5 m l o f  
su lp h u ric  ac id  re ag en t w as ad d ed  rap id ly  and  th e  re su ltin g  so lu tio n  vo rtexed . T he 
su lp h u ric  ac id  re ag en t co n sis ted  o f  2 .5 g  h y d raz in e  su lp h a te  in  5 00m l su lp h u ric  acid. 
T h e  so lu tio n  w as in cu b a ted  in  th e  d ark  fo r 1 h o u r, and  th e  ab so rb an ce  m easu red  at 
490nm . A  stan d ard  cu rve o f  g lu co se  w as u sed  as a  re fe ren ce  (F ig u re  6).
0.0 *
0.0 0.2 0.4 0.6 0.8 1.0
Glucose conc. (mg/ml)
F ig u re  6: S tan d ard  cu rv e  fo r  ca rb o h y d ra te  d e te rm in a tio n  by  th e  D u b o is assay.
2 .2 .8  M e a s u re m e n t  o f  e x t r a c e l lu la r  l ip id  b y  n -h e x a n e  e x tr a c t io n -g ra v im e tr ic  
m e th o d
T he ex traction  and m easu rem en t o f  ex tracellu lar lip id  w as based  o n  m ethods used  by 
S h ikoku-C hem  (1994) and  K orita la  et al. (1987). T he sam ple w as first ac id ified  to  p H
2.0  or low er. T his w as th en  hea ted  to  approxim ately  50°C to m elt the  tallow , allow ing 
easie r ex traction. T he m ix tu re  w as th en  transferred  to  a  separating  funnel, its container 
rin sed  w ith  hexane, and  th e  w ash ings added  to  the  separating  funnel. A pprox im ate ly  
20m l hexane w as then  added  to  the  funnel, and  shaken  v igorously . T he layers w ere 
a llow ed  to  separate and  th e  lo w er aqueous layer dra ined  off. I f  an  em ulsion  form ed, the 
em ulsion  w as dra ined  into a  glass un iversal, and  cen trifuged  at 4 0 00rpm  fo r 3 m inutes.
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T h e separated  layers w ere th en  trea ted  as for the m ain  ex traction  solvents. T he hexane 
layer w as drained  into a conical flask  con tain ing  a sm all am ount o f  anhydrous sodium  
sulphate. T his w as th en  filtered  th ro u g h  W hatm an  no. 1 filter p ap er to  rem ove the 
sodium  sulphate into a clean  p re-w eighed  250m l round-bo ttom  flask. T he ex traction  was 
th en  repeated  w ith  the aqueous fraction. W hen  filam entous b iom ass w as present, the 
b iom ass w as w ashed  w ith  hexane, and  the  w ashings com bined  w ith  hexane extracts 
fro m  th e  p rev ious steps. T he so lvent w as rem oved  using  a rotary evaporato r. T he flasks 
w ere  th en  p laced  in  an  oven  at 50°C to ensure all the so lven t w as rem oved  until a 
constan t w e igh t w as observed. F rom  th is the am ount o f  lip id  rem ain ing  could  be 
determ ined  by subtracting  the w eigh t o f  the  flask  from  the total w e ig h t o f  the  flask  and 
ex tracted  lipid.
2 .2 .9  M e a s u re m e n t  o f  in t r a c e l lu la r  lip id  b y  c h lo ro fo rm  m e th a n o l  e x tra c t io n  
g ra v im e tr ic  m e th o d .
In tra ce llu la r  lip id  w as ex trac ted  by  th e  m eth o d  d escrib ed  b y  B lig h  and  D y er (1959). 
D ried  b io m ass w as ad d ed  to 38m l o f  a ch lo ro fo rm /m e th an o l/w a te r (1 :2 :0 .8 ) m ix tu re. 
T h is  m ix tu re  w as m o n o p h asic . T he sam ples w ere sh ak en  fo r 30 m in u tes , afte r w h ich  
10m l o f  ch lo ro fo rm  and  10m l o f  w a te r w ere  added  to the  m ix tu re . T h is  gave a 
ch lo ro fo rm /m e th an o l/w a te r ra tio  o f  2 :2 :1 .8 , w h ich  w as a b ip h asic  m ix tu re . T he 
b o tto m  ch lo ro fo rm  lay er w as d ra in ed  off, d ried  over so d iu m  su lp h ate , and  filtered  
in to  c lean  p re-w eighed  50m l round-bo ttom  flasks. T he so lven t w as rem oved  using  a 
ro tary  evaporator. T he flasks w ere  th en  p laced  in  an  o ven  at 50°C to ensure all the 
so lven t w as rem oved, and th en  re-w eighed . F rom  this the am ount o f  lip id  rem ain ing  
cou ld  b e  determ ined  by sub trac ting  the w eigh t o f  the flask  from  the to tal w eigh t o f  the 
flask  and  ex tracted  lipid.
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2.2.10 Glyceride analysis by High Performance Liquid Chromatography
T h e g ly cerid e  co n ten t o f  ex trac ted  lip id s  w as an a ly sed  b y  H ig h  P e rfo rm an ce  L iq u id  
C h ro m ato g rap h y  (H P L C ). T h e  H P L C  p ro c ed u re  w as b ased  o n  th e  m eth o d  u sed  by  
R itch ie  and  Jee (1985). A n a ly sis  w as ca rried  out on  a  Y a rian  H P L C  system  
co m p ris in g  a  V arian  in ert 9012 H P L C  pum p, V a rian  S tar 9040  re frac tiv e  index  
d e tec to r, a  V a rian  A1200 au to sam p le r w ith  co lu m n  ov en  and  V arian  S tar 
C h ro m ato g rap h y  so ftw are  on  a 4 0 0 M H z P en tiu m  II P C  w ith  6 4M b R A M . S o lven ts  
w ere  filte red  and  d eg assed  p rio r to  use. T he co lu m n  u sed  w as a  W aters S pheriso rb  
5 |am  s ilic a  4 .6 X 2 5 0 m m  an a ly tica l co lu m n , w ith  h ep tan e /te trah y d ro fu ran /fo rm ic  ac id  
(8 0 /2 0 /0 .5 ) m o b ile  ph ase . S am ples w e re  d isso lv ed  in  th e  m o b ile  p h ase  co n ta in in g  
5 0 p p m  b u ty la ted  h y d ro x y to lu en e  (B H T ) as an  an tio x id an t. T h e  sam p le  in jec tio n  
v o lu m e  w as 1 OOjal, th e  m o b ile  p h ase  f lo w  ra te  w as 2 .0 m l/m in , an d  th e  co lu m n  w as 
h e ld  at 35°C  in  a co lu m n  oven . S tan d ard s o f  m ono-, d i- and  tr ig ly ce rid e s  and  fa tty  
ac id s  w e re  in jec ted  to  co n firm  th e  re te n tio n  tim es.
G ly ce rid e  sp ec ies  and  free  fa tty  ac ids w ere  q u an tified  u s in g  ex tern a l standards. 
S tan d a rd  cu rv es  o f  m o n o -, d i- and  trig ly cerid es  and  fa tty  ac ids w ere  co n stru c ted  
(F ig u res  7 -1 0 ), and  th e  w e ig h t co n cen tra tio n  in  each  sam ple  ca lcu la ted .
F rac tio n s  w ere  co llec ted  fro m  the  d e tec to r at tim es 0.33 m in u tes  a fte r th e  p ea k  
re te n tio n  tim es. T h ese  frac tio n s w ere  u se d  fo r fa tty  ac id  an a ly sis  o f  th e  g ly cerid e  and  
free  fa tty  ac ids b y  gas ch ro m ato g rap h y .
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Figure 7: Standard curve for raonoglyceride determination by HPLC
Glyceride (mg/ml)
Figure 8: Standard curve for diglyceridc determination by IIPLC
G lyceride  (mg/ml)
Figure 9: Standard curve for triglyceride determination by I IPLC
Figure 10: Standard curve for free fatty acid determination by FIPLC
2 .2 .11  F a t ty  a c id  a n a ly s is  in  l ip id  f r a c t io n s  b y  G a s  C h ro m a to g ra p h y
F rac tio n s  o b ta in ed  from  H P L C  w ere  tran sfe rre d  to  50m l ro u n d -b o tto m ed  flasks, and 
th e  so lv en t ev ap o ra ted  o f f  o v er a  w a te r bath . D e riv a tisa tio n  o f  fa tty  ac ids to  fa tty  
ac id  m e th y l esters w as ca rried  o u t as d esc rib ed  by  F iresto n e  an d  i lo rw itz  (1979). 
G ly ce rid e  frac tio n s  w ere  h y d ro ly sed  b y  re flu x in g  in  th e  p re sen ce  o f  5m l 0 .5N  
m eth an o lic  so d iu m  h y d ro x id e  fo r 5 m in u tes . A fte r th is  stage, b o th  fa tty  ac id  and  
g ly cerid e  frac tio n s w ere  tre a ted  in  th e  sam e m anner. 0 .1m l o f  an  ap p ro x im a te ly  0 .5M  
so lu tio n  o f  T rid ecan o ic  ac id  in  n -H ex an e  w as ad d ed  to  all the  sam p les  as an  in te rn a l 
s tan d ard  fo r re la tiv e  re te n tio n  tim e  co n firm a tio n  in  the  G as C h ro m ato g rap h y . T he 
sam p les  w ere  b o iled  u n d e r re flu x  fo r 2 m in u tes  after th e  ad d itio n  o f  5m l 14%  b o ro n  
triflu o rid e -m e th an o l. 5m l H ex an e  w as th en  added  th ro u g h  th e  co n d en se r and  re flu x  
co n tin u ed  fo r a fu rth e r m in u te . T h e  fla sk  w as th en  rem o v ed  fro m  h ea t, and  1 0 -15m l 
sa tu ra ted  so d iu m  ch lo rid e  so lu tio n  added . T h e  flask  w as sw irled  g en tly  and  fu rth e r 
sa tu ra ted  N a C l added  to  flo a t th e  h ex an e  lay er in to  th e  n ec k  o f  th e  flask . F ro m  th is , 
4 .5 m l o f  th e  h ex an e  lay er w as  re m o v e d  to  a  te s t tu b e  and  th e  so lv en t evap o ra ted , and  
th e  re s id u e  re su sp en d ed  in  0 .0 5 m l hexane. A  sm all am ount o f  anhydrous sodium  
su lphate  w as added  to  rem o v e any w ate r present.
T he m eth y l esters  w ere  th en  an a ly sed  b y  G as C hro m ato g rap h y . T h is  w as b ased  on  the 
m e th o d  d esc rib ed  b y  Y ab u u ch i and  M o ss  (1982). 8(il a liq u o ts  o f  th e  sam p les  w ere  
in jec ted  on to  a  C arlo  E rb a  H R G C  5300  eq u ip p ed  w ith  a  flam e io n isa tio n  detector. 
T h e  co lu m n  w as an  A lltech  E C -W A X  3 0 m  X  0 .32m m  w ith  a  film  th ick n ess  o f  
0 .2 5 (im. T he in jec to r tem p era tu re  w as m ain ta in ed  at 250°C  and  th e  d e tec to r at 300°C. 
T he co lu m n  tem p era tu re  w as p ro g ram m e d  fro m  190°C to  250°C  at 6°C  /m in  w ith  a 
fin a l h o ld  o f  8 m in  at 250°C . C h ro m ato g ram s w ere  reco rd ed  on  a  C arlo  E rb a  M eg a  
S eries in teg ra to r, w h ich  fac ilita ted  p ea k  in teg ra tio n  fo r qu an tita tiv e  analysis.
F a tty  ac ids w ere  id en tified  by  co m p ariso n  o f  the  re la tiv e  re ten tio n  tim es o f  their 
m eth y l es ters  w ith  th o se  o f  k n o w n  standards. T he re la tiv e  re te n tio n  tim es w ere 
re la tiv e  to  th e  in tern a l s tandard , T rid ecan o ic  ac id  m ethy l ester, an d  w ere  ca lcu la ted  
by  th e  fo rm ula:
. .  _  f . - K
trs - t r u
w here:
r =  re la tiv e  re te n tio n  tim e 
trx =  re te n tio n  tim e  o f  co m p o n en t o f  in te re st 
tru =  re te n tio n  tim e o f  u n re ta in ed  co m p o n en t 
trs =  re te n tio n  tim e o f  in tern a l s tandard .
T h e  p e rcen tag es  o f  each  fa tty  ac id  m e th y l ester w ere  ca lcu la ted  fro m  th e  p eak  areas. 
In te rn a l n o rm a lisa tio n  w as used , as d esc rib ed  in  S tandard  M eth o d s fo r th e  A n a ly sis  
o f  O ils , F ats  and  D eriv a tiv es  (P aquo t and H autfenne, 1987). B y  in terna l 
n o rm a lisa tio n , it is a ssu m ed  th a t all th e  co m p o n en ts  o f  in te re st are  rep re sen te d  o n  the  
ch ro m a to g ram . F o r to ta l e lu tio n  o f  th e se  com p o n en ts, th e  sum  o f  th e  a reas u n d er th e
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peaks equals 100%. Since significant amounts o f  components below C8 were absent, 
the content o f a given constituent was determined by expressing the area o f  its peak 
as a percentage o f  the sum o f the areas o f  all the peaks o f interest :
%z = mass % o f component / expressed as methyl ester 
A, = area o f  peak corresponding to component /
E/i = sum o f the areas o f  peaks o f  components o f  interest
2 .2 .1 2  D a ta  A n a ly s is  
S ta n d a r d  e r r o r s
Standard errors (se) were calculated from the formula:
where s was the standard deviation o f the range and n was the number o f  sampling 
points in the range.
R e g re s s io n  a n a ly s is
Regression analysis was carried out using the scientific graph program SigmaPlot, 





3.1  Is o la t io n  a n d  s c re e n in g  o f  o rg a n is m s  c a p a b le  o f  g ro w th  o n  ta l lo w  f ro m  th e  
w a s te - t r e a tm e n t  sy s te m  o f  a r e n d e r in g  o p e ra t io n .
In  o rd e r to  iso la te  o rg an ism s cap ab le  o f  d eg rad in g  ta llo w , sou rces w e re  se lec ted  tha t 
h a d  a  h ig h  p ro b a b ility  o f  co n ta in in g  su ch  o rgan ism s. T he so u rces  w e re  tallow , 
w aste w a te r  and  ac tiv a ted  slu d g e  fro m  a co m m erc ia l ren d erin g  o p era tio n , w h ich  
p ro d u ced  su b stan tia l q uan tities  o f  fa t as w aste . T hey  w ere  u sed  to  inocu late  
en rich m en t cu ltu re s, w h ich  co n sisted  o f  m in im a l m ed iu m  su p p lem en ted  w ith  20g/l 
ta llo w . Iso la tio n s  w ere  ca rried  o u t at v a rio u s  tim es on  ag ar m ed ia . O live  o il ag ar w as 
u sed  as a  se lec tiv e  m ed iu m  fo r iso la tio n s  on  days 3 and  15 o f  in cu b a tio n , w hile  
n u trien t ag a r w as u sed  on  day  21. T h e  iso la tes w ere  b ro ad ly  d iv id ed  b ased  on 
m acro sco p ic  m o rp h o lo g y , in to  filam en to u s and  n o n -filam en to u s  stra in s, w here 
app ropria te . T h ese  o rg an ism s w ere  th en  sc reen ed  w ith  re sp ec t to  th e ir  ab ility  to  grow  
o n  and  rem o v e  ta llo w  w h e n  g ro w n  in  p u re  cu lture.
3 .1 .1  I s o la t io n  o f  o rg a n is m s  
E n r ic h m e n t  c u l tu r e
D u rin g  th e  in cu b a tio n  o f  the  en rich m en t cu ltu res, genera l o b serv a tio n s  w e re  m ad e  o f  
th e  cu ltu re  b eh av io u r. T he p H  o f  the  en rich m en t cu ltu res w as o b serv ed  as a sign  o f  
ta llo w  h y d ro ly sis , w h ile  th e  o p tical d en sities  (O D ) w ere  n o ted  as an  in d ica tio n  o f  
m ic ro b ia l g row th . A lth o u g h  th e  n a tu re  o f  m icro b ia l g ro w th  and  the  ta llo w  substra te  
m ay  h av e  cau sed  in te rfe ren ces in  O D  m easu rem en ts , it gave an  in d ica tio n  o f  b io m ass 
p ro d u c tio n . In  m o s t cases, a  d rop  in  p H  w as  acco m p an ied  by  a  rise  in  O D  (T ab le  3).
In  cu ltu res  w ith  u n s te rilised  ta llo w  as th e  source o f  o rgan ism s, the  drop  in  p H  w as 
slig h tly  g rea te r in  th e  n o n -sh a k in g  cu ltu re s  at 30°C , w h ere  a d rop  o f  1.00 p H  u n it w as
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observed . In  th e  sh ak in g  cu ltu res, the  ch an g e  in  p H  w as 0 .39 un its . H o w ev er, th e re  
w as n o t as s ig n ifican t a d iffe ren ce  at am b ien t tem p era tu re . W hile  th e  d rop  in  n o n ­
sh ak in g  cu ltu res  w as 0.55 p H  un its , th a t in  sh ak in g  cu ltu res w as s lig h tly  g rea ter at 
0.78 p H  un its . It w as also  n o ted  th a t th e  O D  rise  w as s ligh tly  h ig h e r in  n o n -sh ak in g  
flasks. R ises  o f  0 .086  and  0 .069  w ere  n o ted  at am b ien t and  30°C  resp ec tiv e ly , w h ile  
in  sh ak in g  flask s , th ese  rises w ere  0 .012  and  0 .044  respec tive ly .
T he p H  ch an g es w ere  s ig n ifican tly  h ig h e r w ith  the  w astew a te r in o cu la . In  shak ing  
cu ltu res, d ro p s o f  4.93 an d  4 .82  p H  u n its  w ere  seen  at am b ien t tem p era tu re  and  30°C 
resp ectiv e ly . In  n o n -sh ak in g  cu ltu res, the  d rops w ere  4 .28 and  4.71 resp ec tiv e ly . 
S hak ing  cu ltu res  also  u n d erw en t g rea te r in c reases  in  O D . A t am b ien t tem p era tu re , an  
in c rease  o f  3 .374  w as observed , w h ile  at 30°C , the  in c rease  w as 2 .979 . T h e  increases 
w ere  lo w er in  n o n -sh ak in g  cu ltu res, w h ere  rises  o f  0 .119  and  1.007 w ere  n o ted  at 
am b ien t and  30°C  resp ec tiv e ly .
A c tiv a ted  slu d g e  in o cu la ted  en rich m en t cu ltu res  d isp layed  th e  g rea tes t p H  changes. 
T he la rg est d rop  w as o b serv ed  in  the  sh ak in g  cu ltu re  at am b ien t tem p era tu re , w h ere  a 
drop  o f  5 .12 p H  u n its  w as reco rded . A t 30°C , th e  drop  w as 4 .74  un its. In  n o n -sh ak in g  
cu ltu res, the  d ec reases  w ere  slig h tly  less. A t am b ien t tem p era tu re  a d rop  o f  4.21 p H  
u n its  w as reco rd ed , w h ile  at 30°C , th is  d ec rease  w as 4 .40  p H  un its. T h e  sh ak in g  
cu ltu res  also  y ie ld ed  th e  h ig h es t in c reases  in  O D . A t am b ien t tem p era tu re , the  
sh ak in g  cu ltu res  ro se  b y  3 .772 , w h ile  at 30°C , the  rise  w as 2 .475 . L o w e r in creases 
w ere  seen  in  th e  n o n -sh a k in g  cu ltu res, w ith  no  in crease  b e in g  reco rd ed  at am b ien t 
tem p era tu re . T he rise  o f  0 .746  at 30°C  w as less th an  th a t  re co rd e d  in  the 
co rresp o n d in g  w aste w a te r in o cu la ted  cu lture .
T he m ic ro b ia l p o p u la tio n s  fro m  ac tiv a ted  slu d g e  h ad  a g rea ter ab ility  to  g ro w  on  
ta llo w  th an  th o se  from  w astew a te r o r ta llo w  u n d er sh ak in g  co n d itio n s. T h is  g rea ter 
g ro w th  w as also  acco m p an ied  by  la rg e r d rops in  pH , in d ica tin g  h y d ro ly s is  o f  ta llo w  
g lycerides.
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T ab le  3: C h an g es in  o p tical d en sity  and  p H  o f  en rich m en t cu ltu res fo llo w in g  21 days 
in cu b a tio n  u n d er v ario u s  cu ltu re  cond itions. (* =  b ased  on  1:2 d ilu tio n )
S o u rce  o f  m icro b es C u ltu re  cond itions AOD (660nm ) ApH (in itia l p H  =  7.0)
Tallow Ambient, shaking 0 .012 -0 .78
Tallow Ambient, non-shaking 0 .086 -0.55
Tallow 30°C, shaking 0 .044 -0 .39
Tallow 30°C, non-shaking 0 .069 -1 .00
Wastewater Ambient, shaking 3.374* -4.93
Wastewater Ambient, non-shaking 0 .119 -4 .28
Wastewater 30°C, shaking 2 .979* -4 .82
Wastewater 30°C, non-shaking 1.007 -4.71
Activated sludge Ambient, shaking 3.772* -5 .12
Activated sludge Ambient, non-shaking -0 .008 -4.21
Activated sludge 30°C, shaking 2.475* -4 .74
Activated sludge 30°C, non-shaking 0 .746 -4 .40
M ic ro b ia l  is o la tio n
A  ran g e  o f  filam en to u s and  n o n -filam en to u s  o rg an ism s w ere  iso la ted  fro m  th e  th ree  
so u rces  (F ig u res  11 &  12). T h ey  w ere  each  g iv en  a code, b eg in n in g  w ith  ‘N F ’ for 
n o n -f ilam en to u s  iso la tes, and  ‘F ’ fo r filam en to u s fungi. A m b ien t tem p era tu re  y ie ld ed  
28 iso la tes  a lto g eth er, w h ile  30 w ere  iso la ted  at 30°C. A m o n g  th ese , ac tiv a ted  sludge 
w as  th e  rich e s t sou rce , fro m  w h ich  28 iso la tes  w ere  recovered . O f  th ese , 16 o f  th em  
w ere  fo u n d  a t am b ien t tem p era tu re , w h ile  14 o f  th em  w ere  p re sen t at 30°C  (T ab le  4). 
T w o  o f  th e  fu n g i, F3 and  F9 w ere  p re sen t at b o th  tem pera tu res. W astew a te r y ie ld ed  
21 iso la tes  in  all, 7 o f  w h ich  w ere  fo u n d  at am b ien t tem p era tu re , w ith  14 at 30°C. 
W h e n  ta llo w  w as th e  on ly  sou rce  o f  m ic ro o rg an ism s, o n ly  13 iso la tes w e re  reco v ered  
b e tw e en  b o th  tem p era tu res , 5 at am b ien t tem p era tu re  an d  8 at 30°C . W h ile  non- 
f ilam en to u s  o rg an ism s w ere  fo u n d  in  all 3 sou rces, no  filam en to u s fu n g i w ere
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iso la ted  fro m  ta llo w  alone. A lso , the filam en to u s  fung i w h ich  w e re  reco v ered , w ere  
all fo u n d  in  sh ak in g  cu ltu res and  no t in  n o n -sh ak in g  cultures.
T ab le  4: N u m b er o f  iso la tes  reco v ered  from  en rich m en t cu ltu res w ith  v ario u s  sou rces 
o f  in o cu la , a t am b ien t tem p era tu re  and  at 30°C.
S ource A m b ien t tem p era tu re 30°C
U n ste rilised  ta llo w 5 8
W astew ate r 7 14
A c tiv a ted  sludge 16 14
W ith  ta llo w  as the  so le  source o f  m icro o rg an ism s, the  iso la tes  o b ta in ed  w ere  all non- 
filam en to u s (F ig u res  11 &  12). In  sh ak in g  flasks, a t am b ien t tem p era tu re , no  iso la tes 
w ere  seen  on  day  3, w h ile  one o rg an ism  w as iso la ted  on  each  o f  days 15 (N F 4 9 ) and 
21 (N F 50). A t 30°C , one iso la te  w as o b ta in ed  on  each  o f  days 3 (N F 23) an d  15 
(N F 24), w h ile  th ree  w e re  found  on day  21 (N F 25 , N F 2 6  and  N F 2 7 ). In  n o n -sh ak in g  
flasks, o n e  o rg an ism  w as  iso la ted  at am b ien t tem p era tu re  (N F 40) and  30°C  (N F 13) 
on  day  3. S im ila rly  on  day 15, one  iso la te  each  w as recovered  at am b ien t tem p era tu re  
and 30°C  (N F41 and N F 1 4  re sp ectiv e ly ). D ay  21 also  y ie ld ed  o n e  iso late  a t each  
tem p era tu re  (N F 4 2  and  N F 15  respective ly ).
W ith  th e  w astew a te r in o cu lu m , b o th  filam en to u s and  n o n -filam en to u s  o rg an ism s 
w ere  reco v ered  (F ig u res  11 &  12). In  sh ak in g  flask s , no  n o n -filam en to u s  o rg an ism s 
w ere  iso la ted  at am b ien t tem p era tu re . H o w ev er, one  fungus w as fo u n d  on  day  3 (F6), 
tw o  on  day  15 (F6 and  F I 4) and  one ( F I 4) on day  21. A t 30°C , th ree  n o n -filam en to u s  
iso la tes  (N F 19 , N F 2 0  and N F 2 1 ) w ere  o b ta in ed  on d ay  3, and  on day  21, one (N F 22) 
w as found . N o  n o n -f ilam en to u s  o rgan ism s w ere  iso la ted  on day  15. A lso , one 
filam en to u s fu n g u s (F I 1) w as iso la ted  on  d ay  3, th ree  on  day  15 (F2, F3 and  F5) and 
one on  day  21 (F3). In n o n -sh ak in g  flasks at am b ien t tem p era tu re , tw o  non- 
filam en to u s  o rg an ism s (N F35 and  N F 3 6 ) w ere  iso la ted  on  day  3, one (N F 37) on  day
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15 and  tw o  (N F 38  and  N F 3 9 ) o n  day  21. A t 30°C , w astew a te r y ie ld ed  one non- 
filam en to u s o rg an ism  (N F 7) o n  day  3, o n e  (N F 8) o n  day  15 and  fo u r (N F 9 , N F 1 0 , 
N F11 and  N F 1 2 ) o n  day  21. N o  filam en to u s fu n g i w ere  iso la ted  fro m  n o n -sh ak in g  
cu ltu res  at e ith e r tem p era tu re .
A c tiv a ted  slu d g e  y ie ld ed  the  g rea tes t d iv ers ity  o f  iso la tes  (F igu res 11 &  12). In  
sh ak in g  cu ltu res, th e  n u m b er o f  n o n -filam en to u s  iso la tes  o b ta in ed  at am b ien t 
tem p era tu re  w as s lig h tly  m o re  th an  at 30°C . O n day  3, am b ien t tem p era tu re  y ie ld ed  
fo u r o rg an ism s (N F 4 3 , N F 4 4 , N F 45  and  N F 4 6 ), w h ile  30°C  y ie ld ed  none. O n  day  15, 
n o n e  w as iso la ted  at am b ien t and  tw o a t 30°C  (N F 16  and  N F 1 7 ), w h ile  on  day 21, 
tw o  w ere  fo u n d  at am b ien t (N F47 and  N F 4 8 ), and  one at 30°C  (N F 18). N o  
filam en to u s fu n g i w e re  iso la ted  at days 3 an d  21 at am b ien t tem p era tu re , b u t th ree  
w ere  fo u n d  at d ay  15 (F3, F5 and  F9). A t 30°C , one  fungus (F I 1) w as fo u n d  o n  day  3, 
th ree  o n  day  15 (F2 , F3 and  F9) and  th ree  (F2, F6 and  F 9) on  day  21. In  n o n -sh ak in g  
cu ltu res, th e  d iffe ren ce  b e tw een  th e  n u m b er o f  n o n -filam en to u s  iso la tes  at 30°C  and 
am b ien t w as less. O n  d ay  3, am bien t y ie ld ed  th ree  o rg an ism s (N F 28 , N F 2 9  and  
N F 3 0 ), w h ile  30°C  p ro d u c ed  tw o  (NF1 and  N F 2 ). O n  d ay  15, tw o  o rg an ism s w ere 
o b ta in ed  at am b ien t tem p e ra tu re  (N F31 and  N F 3 2 ), and  one at 30°C  (N F3). A m b ien t 
tem p era tu re  also  y ie ld ed  tw o  o rg an ism s o n  day  21 (N F33 and  N F 3 4 ), w h ile  30°C 
y ie ld ed  th ree  (N F 4 , N F 5  an d  N F 6). N o  filam en to u s fung i w ere  iso la ted  from  n o n ­
sh ak in g  flasks.
T h e  m o rp h o lo g ies  o f  th e  iso la ted  o rg an ism s are n o ted  in  T ab les 5 and  6. O f  th e  50 
n o n -filam en to u s  iso la tes  re co v ered , 32 o f  th em  w ere  w h ite  w h ile  14 w e re  opaque , 
w ith  on ly  fo u r co lo u red  stra ins. T he shape  o f  the  co lon ies v a ried  from  sm all d iscre te  
c ircu la r co lo n ies  to  la rg e  d iffu se  shape less co lon ies, w ith  f la t and  d o m ed  p ro files . T he 
g rea test d iv ers ity  in  m o rp h o lo g ies  w as n o ted  in  th o se  o rg an ism s iso la ted  from  
w astew a te r and  ac tiv a ted  sludge. O f  the  sev en  filam en to u s  iso la tes, five  w ere  w hite , 
w h ile  th e  o th e r tw o  d isp lay ed  p o w d ery  g reen  aeria l grow th .
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F igure  11: Iso la tes reco v e red  fro m  shak ing  and  n o n -sh ak in g  en rich m en t cu ltu res at am b ien t tem p era tu re , w ith  various inocu lum
sources.
F ig u re  12: Iso la tes reco v ered  sh ak in g  an d  n o n -sh a k in g  en rich m en t cu ltu res at 3 0 °C , w ith  various in o cu lu m  sources.
Table 5: Colony morphology of organisms isolated at ambient temperature from
en rich m en t cu ltu res  w ith  v ario u s in o cu lu m  sources.
O rg a n is m  co d e S o u rc e C o lo n y  m o rp h o lo g y
NF40 tallow Flat, opaque, matt, irregular
NF41 tallow Flat, opaque, matt, irregular
NF42 tallow Flat, white, matt, circular
NF49 tallow Flat, opaque, matt, irregular
NF50 tallow Flat, white, matt, circular
NF35 wastewater Domed, opaque, shiny, circular
NF36 wastewater Flat, yellow, shiny, irregular
NF37 wastewater White, diffuse
NF38 wastewater Domed, white, shiny, circular
NF39 wastewater Flat, opaque, shiny, irregular
NF28 activated sludge Domed, opaque, shiny, circular
NF29 activated sludge Flat, opaque, shiny, irregular
NF30 activated sludge Domed, white, shiny, circular
NF31 activated sludge White, diffuse
NF32 activated sludge Domed, white, shiny, circular
NF33 activated sludge Domed, white, shiny, circular
NF34 activated sludge White, matt, undulate margins
NF43 activated sludge Domed, white, shiny, circular
NF44 activated sludge Flat, opaque, matt, irregular
NF45 activated sludge Domed, opaque, shiny, circular
NF46 activated sludge flat, opaque, matt, irregular
NF47 activated sludge White, matt, undulate margins
NF48 activated sludge White, matt, circular
F14 wastewater White, filamentous aerial
F3 wastewater/activated sludge Light green, powdery aerial growth
F5 wastewater/activated sludge White, filamentous aerial, dense growth
F6 wastewater/activated sludge White, filamentous aerial
F9 activated sludge Dark green, powdery aerial growth
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T ab le  6: C o lo n y  m o rp h o lo g y  o f  o rg an ism s iso la ted  at 30°C  from  en rich m en t cu ltu res 
w ith  v ario u s  in o cu lu m  sources.
O rg a n is m  co d e S o u rc e C o lo n y  m o rp h o lo g y
NF13 tallow Flat, opaque, matt, irregular
NF14 tallow Flat, opaque, matt, irregular
NF15 tallow Flat, white, shiny, diffuse
NF23 tallow White, matt, undulate margins
NF24 tallow Flat, opaque, matt, irregular
NF25 tallow Flat, white, shiny, circular
NF26 tallow Flat, "off-white", matt, circular
NF27 tallow Flat, white, matt, irregular
NF7 wastewater Domed, white, shiny, circular
NF8 wastewater White, diffuse
NF9 wastewater Domed, white, semi-matt, circular
NF10 wastewater Domed, white, matt, irregular
NF11 wastewater Flat, white, matt, irregular
NF12 wastewater Flat, white, matt, irregular
NF19 wastewater Domed, yellow, shiny, circular
NF20 wastewater Domed, white, shiny, circular
NF21 wastewater Domed, white, shiny, circular
NF22 wastewater White, matt, irregular
NF1 activated sludge Domed, opaque, shiny, circular
NF2 activated sludge Flat, white, matt, circular
NF3 activated sludge White, diffuse
NF4 activated sludge Flat, white, shiny, diffuse
NF5 activated sludge Flat, white, matt, undulate margin
NF6 activated sludge Domed, white, matt, circular
NF16 activated sludge Brown, matt, circular
NF17 activated sludge White, matt, circular
NF18 activated sludge White, matt, diffuse
F2 wastewater/activated sludge Clear mycelia, white aerial filaments
F3 wastewater/activated sludge Light green, powdery aerial growth
F5 wastewater/activated sludge White, filamentous aerial, dense growth
FI 1 wastewater/activated sludge White, filamentous aerial growth
F6 activated sludge White, dense, filamentous aerial growth
F9 activated sludge Dark green, powdery aerial growth
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3.1.2 Screening of the isolates for their ability to grow on tallow in pure culture
T he iso la tes  w ere  sc reen ed  by  g ro w in g  th e m  in  p u re  cu ltu re , in  m in im a l m ed iu m  w ith  
2 0 g /l ta llo w  as the  so le  ca rb o n  source . G ro w th  o f  the  n o n -filam en to u s  o rg an ism s w as 
m o n ito red  by  m easu rin g  O D  (6 6 0 n m ), w h ile  d ry  w e ig h ts  w ere  u sed  as a m easu re  o f  
th e  g ro w th  o f  the filam en to u s o rg an ism s. C hanges in  p H  and  ex trace llu la r ta llo w  
rem o v a l w ere  also  m easu red  (T ab les  7 to  10).
T h e  ab ility  o f  th e  iso la tes  to  rem o v e  ta llo w  v aried  g reatly . W h ile  som e iso la tes 
d em o n stra ted  no  ab ility , up  to  35%  rem o v a l w as o b serv ed  w ith  o thers . T he m ajo rity  
o f  th o se  w ith  h ig h e r ta llo w  rem o v a l cap ab ilitie s  w ere  iso la ted  a t 30°C . T ak in g  those  
iso la tes  th a t rem o v ed  g rea te r th a n  2 0 %  o f  the  ta llo w , e ig h t w ere  fo u n d  a t 30°C , w h ile  
on ly  tw o  w ere  iso la ted  at am b ien t tem p era tu re . It w as also  n o ted  th a t ac tiv a ted  sludge 
y ie ld ed  th e  g rea tes t n u m b er o f  th e  h ig h e r ta llo w  degraders. I t p ro d u ced  six , w h ile  
th ree  w ere  fo u n d  in  w astew a te r an d  o n ly  one in  ta llow . In  o rd e r o f  ta llo w  rem oval 
ab ility , th ese  o rg an ism s w ere  F 2 > N F 6  > F 9 >  N F 1 0  > N F 3 >  (N F 17  =  N F 3 2 ) >  (N F 12  
=  N F 2 3 ).
S ince th e  filam en to u s fu n g u s F2  rem o v ed  the  h ig h es t p e rcen tag e  o f  ta llo w  from  
cu ltu re , it w as se lec ted  fo r fu r th e r s tud ies. A lso , it  p re sen ted  a n o v e l su b jec t fo r study, 
as little  w o rk  had  b een  p u b lish ed  to  date  on  ta llo w  d eg rad a tio n  b y  filam en to u s fungi.
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Table 7: Growth and percentage tallow removal by lion-filamentous organisms
isolated at ambient temperature.
Organism code Api I (initial pH = 7.0) AOD % fat removal
NF32 -3.78*0.11 1.96*0.04 21±0%
NF48 -3.71 ±0.05 1.94*0.05 18*3%
NF42 -3.33*0.25 1.81*0.47 14*5%
NF37 -3.36±0.2I 2.03*0.30 13*6%
NF50 -3.07*0.02 1.57*0.13 13*1%
NF35 -3.06±0.50 1.67*0.45 8*6%
NF46 -0 .12±0.24 0.02*0.04 8*1.5%
NF41 -3.01i0.0l 0.83*0.12 6*2%
NF34 -1.35*0.06 0.65*0.01 6*2%
NF36 -0.07±0.23 0.01*0.00 5*2%
NF45 -0.10*0.02 -0.02*0.00 4*1%
NF3I -3.63*0.02 1.83*0.05 3*3%
NF39 -3.60*0.08 2.17*0.17 2*2%
NF43 -0.16*0.15 0.69*0.04 1*0.5%
NF49 -2.11±0.02 0.19*0.14 1*1%
NF44 -1.00*0.10 0.73*0.12 0*1%
NF30 0.34*0.04 0.01*0.01 0*1%
NF38 -2.45i0.13 0.80*0.17 0*0%
NF29 -1.52±0.08 0.58*0.03 0*0%
NF40 -1.55±0.59 -0.03*0.01 0*0%
NF33 0.6U0.06 0.14*0.06 -
NF28 0.68±0.34 0.06*0.07 -
NF47 -0.42±0.33 0.01*0.02 -
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Tabic 8: Growth and percentage tallow removal by non-filamentous organisms 
isolated at 30°C.
Organism code ApH (initial pH = 7.0) AOD % fat removal
NF6 -3.82±0.07 2 .19±0.08 31 ±4%
NF10 -3.11±0.55 2.03±0.20 26±0%
NF3 -3.68±0.09 2 .12±0.05 25±5%
NFI 7 -3.75±0.11 2.28±0.02 21 ± 1 %
NFI2 -4.00±0.11 2.45±0.08 20±6%
NF23 -2.69±0.24 2.32±0.05 20±3%
NF19 -3.00±0.09 0.89±0.11 17± 1 %
NFI 4 -3.39±0.02 0.98±0.06 16±2%
NF27 -3.83±0.04 2 .14±0.10 16±7%
NF21 -3.21 ±0.09 1.15±0.36 15±5%
NF20 -3.03±0.15 0.55±0.07 14± 1 %
NFI 6 -3.37±0.00 1.06±0.10 14± 1 %
NF8 -4.00±0.04 2 .17±0.12 10± 1 %
NF24 -3.50±0.04 1,92±0.03 10±3%
NF18 -3.95±0.12 2 .17±0.02 7±2%
NF26 -3.49±0.04 1.97±0.03 7± 1 %
NF22 -0.03±0.0I -0.06±0.0I 5±2%
NF9 -0.09±0.0l -0.04±0.03 3± 1 %
NF5 0.32±0.01 0.06±0.03 3± 1 %
NF2 -l.84±0.14 1.05±0.21 0.5±0%
NFI -l.88±0.0l 1.01 ±0.01 0±0%
NF7 -I.24±0.I3 0.52±0.01 0±0%
NFI 3 -0.08±0.0I 0.28±0.09 0±0%
NF15 0.46±0.05 0 .19±0.15 -
NF25 0.50±0.07 0.06±0.06 !S
NF4 0.68±0.09 0.02±0.03 -
NFI 1 0.61 ±0.12 -0.0I±0.04 -
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Table 9: Growth and percentage tallow removal by filamentous fungi isolated at
am bient temperature.
Organism Code Api 1 (initial pl l = 7.0) Adry weight (g) % fat removal
F9 -3.45±0.11 0 .15±0.01 27±1%
F3 -3.67±0.05 0.25±0.00 18±3%
F14 -3.00i0.25 0.I8±0.0I 15±2%
F5 -3.53±0.08 0 .17±0.02 12d: I %
F6 -2.96±0.02 O.lOiO.Ol 10±2%
Table 10: Growth and percentage tallow removal by filamentous fungi isolated at 
30°C.
Organism Code ApH (initial pH = 7.0) Adry weight (g) % fat removal
F2 -3.53±0.21 0 .15±0.02 35±5%
F9 -3.45±0.l 1 0 .15±0.0I 27±l%
F3 -3.67±0.05 0.25±0.00 18±3%
FI 1 -2.28±0.19 0.17±0.03 14±2%
F5 -3.53±0.08 0.17±0.02 12± 1 %
F6 -2.96±0.02 O.IOiO.OI 10±2%
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3.2 The identification and optimisation of culture conditions of the isolate, F2.
3.2.1 The identification ofF2
The filamentous fungus, F2, grew w ell on malt extract agar at 25°C. It formed a 
mycelial mat almost fillin g  the plate w ith in  5 days (Figure 13). The growth at the 
edge o f the plate was aerial and filamentous, while the older growth at the centre o f 
the plate lacked the aerial hyphae and was hyaline. The hyphae were found to be 
septate and hyaline when examined m icroscopically (Figure 14).
Figure 13: Filamentous fungus F2 follow ing 5 days growth at 25°C on m alt extract 
agar.
Figure 14: Septate hyphae o f  filamentous fungus, F2. (bar =  lO^m)
For identification o f a filamentous fungus, the reproductive structures are examined. 
However, speculation in  F2 was absent under the conditions described above. 
Therefore, a range o f incubation conditions were examined to determine i f  
sporulating areas could be produced by F2. Temperatures o f 4°C, 25°C, 37°C, 55°C 
and ambient laboratory temperature were examined, w ith incubation both in  darkness 
and in  daylight. A fter 21 days o f incubation at ambient temperature in  daylight, 
sporulating areas were visible as ligh t green tufted areas around the edges o f the 
colony on m alt extract agar (Figure 15). Growth at 25°C was as seen previously, w ith 
no obvious sporulating areas present. No growth was seen at 4°C, 37°C or 55°C.
Figure 15: Filamentous fungus F2 follow ing growth fo r 21 days at ambient 
temperature in  daylight on malt extract agar. Sporulating areas were visible as light 
green areas around the edge o f the colony.
The reproductive structures were distinctive (Figure 16). These structures were 
conidiophores, which are asexual reproductive structures. The conidiophores were 
w ell developed and distinct from the rest o f the mycelium. They were irregularly 
branched. The conidia were produced from  the apex o f the branches, where budding 
was evident. The conidia were single-celled, hyaline and spherical or ellipsoidal in 
shape. They were present singly, not in  chains, and separated from the conidiophores.
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There was no evidence o f sexual reproductive structures, which indicated that F2 
belonged to the Deuteromycetes. The keys o f Onions et al. (1986) (Appendix A ), and 
Barnett and Hunter (1972) (Appendix B), were followed based on microscopic 
observations. Using these keys the identity was determined, which was confirmed by 
DSMZ as Trichoderma harzianum R ifa i (Appendix C).
(b)
Figure 16: Reproductive structures o f filamentous fungus, F2, (a) under the 
microscope (bar = 10|um) and (b) drawing o f the reproductive structure viewed in  (a) 
(bar = lO jjjn ).
It was noted by DSMZ that sporulation was achieved on wood chips. It was decided 
to check i f  more extensive sporulation o f F2 could be achieved in  this way. The 
organism was inoculated onto wood chips and paper as outlined in  section 2.2.6.
Sporulating areas were found, but were very lim ited (Figure 17). These were green 
and tufted, and m icroscopically the reproductive structures were identical to those 
observed previously on m alt extract agar.
In this work, F2 was referred to as T. harzianum R ifa i RP1, as it  was isolated from 
the waste treatment system o f a rendering plant.
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Figure 17: Sporulating areas of Trichoderma harzianum Rifai as observed on (a) 
paper and (b) wod shavings
3.2.2 The optimisation of environmental conditions for tallow removal by 
T r ic h o d e r m a  h a r z ia n u m  Rifai RP1 when grown on tallow as a sole carbon 
source.
T. harzianum Rifai RP1 was studied in shake flask cultures at 25°C, with minimal 
medium as described in section 2.1.2 suplemented with 20g/l talow as the sole 
carbon source. These conditions were used throughout, unles otherwise stated.
The environmental conditions under which the fungus was grown were varied in 
order to determine the optimum conditions for removal of extracelular lipid from 
culture. The age of the inoculum, the physical nature of the substrate, the control of 
pH, the temperature of incubation, the size of the inoculum, the rate of agitation and 
the concentration of the talow substrate were examined.
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3.2.2.1 The influence of the age of the inoculum
Mycelial agar discs were used as inocula for studies o f  growth o f T. harzianum  Rifai 
RP1 with tallow as the sole carbon source. The age o f the agar culture from which the 
plugs were taken was examined, to determine if  it influenced the growth o f the 
organism and its removal o f tallow  from culture. One 8mm diameter mycelial agar 
plug o f 2, 5 or 8 days old were used as inocula for the study.
The pH was monitored during incubation. The pH change did not vary significantly 
w ith varying inoculum ages, the decrease being similar in all cases (Figure 18). With 
2, 5 and 8 day inocula, the pH dropped by 3.8, 3.8 and 3.5 pH units respectively. The 







Figure 18: pH  o f cultures o f  T. harzianum Rifai RP1 grown on 20g/l tallow  with (■)
2 day old, (A ) 5 day old and (▼) 8 day old inocula ( •  = control).
There was not a significant difference in dry weight increases between the inocula 
ages, over the 10 days o f incubation. The dry weight increase for the 2-day inoculum 
was l.lg/1, w ith slightly lower yields for the 5-day and 8 day inocula (Figure 19). 
These produced 1 .Og/1 and 0.8g/l respectively.
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Rem oval rates o f  tallow  also were not significantly different. With 20g/l initial 
tallow, the 2, 5 and 8-day inocula removed 15% , 14% and 15%  respectively (Figure 
2 0 ).
N o significant differences existed between the perform ance o f  the inocula o f  different 
ages. The 2-day old cultures only h alf filled the agar plates, while with the 5- and 8- 
day old cultures, the plates were filled. Therefore, it was decided that 5-day old 
cultures would be used for inocula for future experiments, as it provided a greater 
area suitable for inocula, without the need for extended incubation.
Figure 19: Dry weight increase by T. hcirzianum R ifai RP1 grown on 20g/l tallow 
with (a) 2 day old inoculum; (b) 5 day old inoculum and (c) 8 day old inoculum.
1 2
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Figure 20: Percentage tallow removal by T. harzianum Rifai RP1 grown on 20g/l 
tallow  with (a) 2 day old inoculum; (b) 5 day old inoculum and (c) 8 day old 
inoculum.
3.2.2.2 T he influence o f  the physical nature o f the tallow
The tallow  substrate was solid at normal incubation temperatures. This reduced its 
bioavailability significantly. The changing o f the physical nature o f the tallow  might 
increase its surface area, exposing a greater proportion to enzymatic attack. The 
tallow  melted over a broad range, with liquefaction gradually taking place from 
approximately 40°C to 50°C. Up to 40°C, the tallow became softer as the temperature 
increased. The dispersion o f tallow with a surfactant might also increase 
bioavailability, due also to increased surface area.
The effects o f elevating the temperature and adding a surfactant were studied to 
determine if  tallow rem oval could be enhanced, by increasing its bioavailability.
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Figure 22: Dry weight increase o f  T. harzianum Rifai RP! grown on 20g/l tallow  at 
(a) 4°C; (b) 25°C; (c) 30°C; (d) 37°C and (e) 55°C.
The greatest decreases in pH were observed at 25°C and 30°C, the temperatures at 
w hich tallow  removal w as greatest. The pH dropped by 3.5 and 3.3 pH units 
respectively at these temperatures (Table 11). A l 37°C, the pH drop was lower at 0.9 
pH units. At 4°C and 55°C, the pH remained within 0.1 pi 1 units o f  the controls.
Table 11: Changes in pH in cultures o f  T. harzianum R ifai RP1 follow ing 10 days 
incubation at various temperatures, (initial pH = 7.0)







The elevation of the temperature o f incubation did not improve removal o f tallow, 
despite the increased bioavailability. This was due to lack o f growth o f RP1 at the 
elevated temperatures, and at 4°C. The greatest removal was at 25°C, which displayed 
the greatest increase in biomass and the sharpest drop in pH. At 30°C, removal was 
slightly less, and this was reflected in biomass production and pH drop.
3.2.22.2 The influence o f a surfactant
The melting o f the tallow did not improve its removal, despite increased 
bioavailability. Adding a surfactant to the culture medium would increase surface 
area o f the tallow, and hence bioavailability, without the inhibitory effects of 
temperature extremes. The effect o f adding a surfactant on tallow removal was 
therefore examined.
The surfactants Tween 80 and Triton X-100 were selected as possible emulsifiers. 
Preliminary experiments found that 2%(w/v) Tween 80 or 0.5%(w/v) Triton X-100 
were required to effectively disperse the tallow. The effect o f the surfactants at these 
concentrations on the hexane extraction and measurement o f extracellular tallow was 
exam ined before use in culture. Although Tween 80 had little impact on the recovery 
o f tallow, Triton X-100 interfered with the assay o f tallow. It was therefore decided to 
use Tween 80 as the surfactant in culture. The effect o f its addition to cultures o f T. 
harzianum  Rifai R P 1 grown on tallow  was examined.
It was found that Tween 80 reduced the removal o f tallow by T. harzianum Rifai RP1 
over 10 days incubation. From 20% removal without Tween, removal dropped to 
11% in its presence. However, it was found that biomass increase was greater with 
Tween added (Figure 23). In its absence, dry weight increase was 1.5g/l, but 4.5g/1 
with the surfactant. This suggested that RP1 could utilise Tween as a carbon source. 
This was confirmed with Tween 80 as the sole carbon source, when dry weight 
increased by 2.8g/l.
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A  sim ilar pH drop was noted for cultures with tallow and with and without Tw een 
(Figure 24).
The addition o f  the surfactant inhibited the removal o f  tallow  from culture by R P1. It 
w as decided to carry out further studies without the surfactant.
Figure 23: Dry w eight increase o f  T. harziamtm Rifai R P 1, with (a) tallow  + Tw een 
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Figure 24: pH o f cultures o f T. harzianum Rifai RP1 w ith tallow  alone, Tween 80 
alone, and a combination o f both. Symbols: #  tallow + Tween 80, control; ■  tallow + 
Tween 80, inoculated; ▲ tallow only, control; T  tallow only, inoculated; □  Tween 
80 only, control; A Tween 80 only, inoculated.
3.2.2.3 T he effect o f pH  control on tallow  rem oval
During the growth o f T. harzianum Rifai RP1 on tallow, large drops in pH were 
observed. The influence o f  buffering o f the medium on removal o f tallow, and on 
biomass production was examined. A  range o f pH values were chosen -  buffering to 
pH  3, 4, 5, 6 and 7 were compared.
3.2.2.3.1 T he effect o f buffering w ith  citrate phosphate buffer
0.1M citrate phosphate buffer was used at pH ’s o f 3, 4, 5, 6 and 7 in the medium, 
over an incubation period o f 10 days. This buffer was chosen as it could be used over 
this wide pH  range. Again, tallow removal and growth o f RP1 were recorded.
It was found that the optimum pH for tallow removal was pH  6, with 34% of 20g/l 
initial extracellular tallow removed after 10 days (Figure 25). Lower removals of
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tallow were observed at other pH ’s. 26%, 21%, 17% and 14% removal were achieved 
at pH ’s 5, 4, 7 and 3 respectively. In the unbuffered culture, only 11% removal was 
observed.
The largest increases in dry weight occurred in cultures with the highest tallow 
removal (Figure 26). The greatest increase occurred at pH 6, at 3.6g/l, with less 
biomass produced at other buffered pHs. The increase was 2.5g/l at pH 5, 1.Bg/1 at pH 
4, 1.5g/1 at pH 3 and 1.4g/l at pH 7. The lowest dry weight increase occurred in 
unbuffered culture, at 0.9g/l.
The optimum pH for tallow removal and growth o f RP1 was buffered to pH 6. 
However, it was noticed that some growth occurred on the citrate buffer in the 
absence o f  tallow. Therefore, it was decided to confirm the optimum pH on other 
buffers.
Figure 25: Tallow removal by T. harzianum Rifai RP1 in 0.1M  citrate buffered 
cultures at (a) pH 3; (b) pH  4; (c) pH  5; (d) pH 6; (e) pH 7; and u/b unbuffered.
4 0
(a) (b) (c) (<J) (e) u/b
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F ig u re  2 6 : D ry  w e ig h t  in c re a se  in  c u ltu re s  o f  T. harzianum  R ifa i  R P 1  in  0 .1 M  c itra te  
b u f fe re d  c u ltu re s  a t (a ) pF l 3; (b ) p H  4 ; (c ) p H  5; (d ) p H  6 ; (e ) p H  7; a n d  u /b  
u n b u ffe re d .
3.2.2.3.2 The effect of buffering with Phosphate and KH phthalate buffers
T o  c o n f irm  f in d in g s  w ith  c itra te  p h o s p h a te  b u ffe r , th e  e f fe c t  o f  b u f fe r in g  w ith  
p h o s p h a te  a n d  K H  p h th a la te  b u ffe rs  w a s  s tu d ie d . P h o s p h a te  b u f fe r  w a s  u se d  a t p H  6 
a n d  7 , K H  p h th a la te  H C1 b u ffe r  w a s  u s e d  a t p H  5, a n d  K H  p h th a la te  N a O H  b u ffe r  
w a s  u s e d  a t  p H  3 a n d  4.
A s  w a s  fo u n d  w ith  c itra te  p h o s p h a te  b u f fe r ,  th e  o p tim u m  p H  fo r  ta l lo w  re m o v a l w a s  
p H  6, a t  4 0 %  (F ig u re  2 7 ). T h e  o rd e r  o f  ta l lo w  re m o v a l w a s  s lig h tly  d if fe re n t  fo r  o th e r  
p H  v a lu e s . p H  7, 5, 4  a n d  3 fa c i l i ta te d  re m o v a l o f  2 3 % , 1 0 % , 9 %  a n d  5%  
re sp e c tiv e ly .
D ry  w e ig h t  in c re a s e s  fo l lo w e d  th e  s a m e  tre n d , w ith  th e  h ig h e s t  a t p H  6 , o f  2 .6 g /l  
(F ig u re  2 8 ). In c re a s e s  o f  2 .3 , 0 .8 , 0 .5  a n d  0 .4 g /l w e re  o b s e rv e d  a t p H ’s o f  7 , 5, 4  an d
3 re sp e c tiv e ly .
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Since the optimum pH was confirmed at pi I 6  and RP1 did not grow on the phosphate 
buffer in the absence of an added carbon source, it was decided that it would be used 
for subsequent experiments.
50
Figure 27: Tallow removal by T. harzicmum Rifai RP1 in phosphate and KH phthalate 
buffered cultures at (a) pH 3; (b) pH 4; (c) pH 5; (d) pH 6  and (e) pH 7.
O',
Figure 28: Dry weight increase by T. harzianum Rifai RP1 in phosphate and KIl 
phthalate buffered cultures at (a) pH 3; (b) pH 4; (c) pH 5; (d) pi I 6  and (e) pH 7.
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3.2.2.4 The effect of tem perature on growth and tallow removal
I t w a s  n o te d  in  e a r lie r  e x p e r im e n ts  th a t  th e  te m p e ra tu re  o f  in c u b a tio n  h a d  a  
s ig n if ic a n t e f fe c t  o n  th e  g ro w th  o f  T. harzianum  R ifa i  R P 1  in  u n b u ffe re d  c u ltu re s . A t  
h ig h e r  te m p e ra tu re s , th e  b io m a s s  p ro d u c t io n  w a s  g re a tly  re d u c e d . T h e  o p tim u m  
te m p e ra tu re  o f  in c u b a tio n  fo r  g ro w th  a n d  e n z y m e  a c tiv i ty  c a n  v a ry  f ro m  sp e c ie s  to  
sp e c ie s . T o  d e te rm in e  i f  th e  te m p e ra tu re  o f  in c u b a tio n  h a d  an  e f fe c t  o n  g ro w th  a n d  
ta l lo w  re m o v a l in  b u f fe re d  c u ltu re , th e  e f fe c t o f  in c u b a tin g  a t te m p e ra tu re s  o f  4°C , 
2 5 °C , 3 0 °C , 3 7 °C  a n d  5 5 °C  w a s  e x a m in e d .
T h e  g re a te s t  ta l lo w  re m o v a l w a s  o b s e rv e d  a t 2 5 °C , a t 4 3 % , fo llo w e d  b y  3 0 °C  w ith  
2 9 %  (F ig u re  2 9 ). N o  re m o v a l w a s  o b s e rv e d  a t 4 °C  o r  37°C , a n d  ju s t  2 %  w a s  s e e n  a t 
50°C .
T h e  g re a te s t  in c re a s e  in  d ry  w e ig h t  w a s  a lso  o b s e rv e d  a t 2 5 °C , w ith  2 .8g/1 b e in g  
p ro d u c e d  (F ig u re  30 ). A t  3 0 °C , 2 g /l  w a s  p ro d u c e d , w h ile  no  in c re a s e  w a s  o b s e rv e d  a t 
3 7 °C  o r  50°C . A n  in c re a s e  o f  0.1 g/1 w a s  se e n  a t 4 °C . p H  h e ld  to  w ith in  0 .2  p H  u n its  
o f  th e  o r ig in a l v a lu e  th ro u g h o u t th e  ru n .
T h e  o p tim u m  te m p e ra tu re  fo r  g ro w th  a n d  ta l lo w  re m o v a l in  b u f fe re d  a n d  u n b u ffe re d  
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Figure 29: Tallow removal by T. horzicmum Rifai RP1 in pi I 6  buffered medium at 
(a) 4°C; (b) 25°C; (c) 30°C; (d) 37°C and (e) 55°C.
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Figure 30: Dry weight increase by T. harzianum Rifai RP1 in pH 6  buffered medium 
at (a) 4°C; (b) 25°C; (c) 30°C; (d) 37°C and (e) 55°C.
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3.2.2.5 The influence of other factors when grown at optimum pH and
temperature
3.2.2.5.1 The influence of the inoculum size
T h e  in o c u lu m  s iz e  u s e d  in  th e  p re v io u s  e x p e r im e n ts  w a s  o n e  8 m m  d ia m e te r  m y c e lia l  
a g a r  p lu g . It w a s  fo u n d  th a t  th e  re m o v a l o f  ta l lo w  w a s  d ire c tly  re la te d  to  th e  a m o u n t 
o f  R P 1  b io m a s s  p ro d u c e d  d u r in g  in c u b a tio n . T h e  a d d it io n  o f  la rg e r  in o c u la  w a s  
e x a m in e d  to  d e te rm in e  i f  it w o u ld  re s u l t  in  h ig h e r  p ro d u c tio n  o f  b io m a s s , o r  g re a te r  
re m o v a l o f  ta llo w .
T h e  in o c u la  s iz e s  w e re  in c re a s e d  b y  a d d in g  a d d itio n a l m y c e lia l  a g a r  d isc s  to  th e  
c u ltu re  m e d ia . In o c u la  s iz e s  o f  1, 5 an d  10 m y c e lia l  a g a r  d is c s  w e re  e x a m in e d .
It w a s  fo u n d  th a t  th e  re m o v a l o f  ta l lo w  d e c re a s e d  s lig h tly  w ith  in c re a s in g  in o c u lu m  
s iz e  (F ig u re  31 ). W ith  o n e  m y c e lia l  a g a r  p lu g  as th e  in o c u lu m , re m o v a l  w a s  4 0 % . 
W h e n  th e  n u m b e r  o f  p lu g s  w a s  in c re a s e d  to  5, ta llo w  re m o v a l w a s  3 5 % , a n d  w ith  10 
p lu g s , 3 0 %  re m o v a l  w a s  o b se rv e d . T h e re  w a s  n o  s ig n if ic a n t d if fe re n c e  in  d ry  w e ig h t 
in c re a s e  b e tw e e n  in o c u lu m  s iz e s  (F ig u re  32 ). In c re a se s  o f  2 .6 , 2 .6  a n d  2 .8 g /l w e re  
o b s e rv e d  in  f la sk s  w ith  1, 5 a n d  10 p lu g  in o c u la  re sp e c tiv e ly .
A n  in o c u lu m  o f  1 a g a r  p lu g  w a s  th e  m o s t  su ita b le  fo r  ta l lo w  u t i l is a t io n  e x p e r im e n ts . 
T h e  re m o v a l o f  ta l lo w  w a s  s lig h tly  g re a te r  th a n  w ith  th e  la rg e r  in o c u la . A lso , w ith  th e  
h ig h e r  in o c u lu m  s iz e s , m o re  m a lt  e x tra c t  a g a r w a s  a d d e d  to  th e  f la sk s  in  th e  
in o c u lu m . T h e  a m o u n t o f  c a rb o h y d ra te  a d d e d  in  th e  in o c u la  w a s  e s t im a te d  u s in g  th e  
D u b o is  a ssa y . O n e  8 m m  p lu g  o f  m a l t  e x tra c t a g a r  f ro m  a  p e tr i  d is h  c o n ta in in g  
a p p ro x im a te ly  2 0 m l o f  a g a r  c o n ta in e d  3 -5 m g  o f  c a rb o h y d ra te . I t w as  d e c id e d  to  u se  1 
a g a r  p lu g  o f  a  5 -d a y  o ld  c u ltu re  as th e  in o c u lu m  in  su b s e q u e n t  s tu d ie s .
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F ig u re  31: T a llo w  rem oval by T. harzictnum  R ifai R P l w ith  (a) 1, (b) 5 and (c) 10 
m y ce lia l ag a r p lugs.
F ig u re  32: D ry  w eigh t increase  o f  T. h a rzia n u m  R ifai R P l w ith  (a) 1, (b) 5 and (c) 10 
m y celia l ag a r p lugs.
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3.2.2.5.2 The influence of the rate of agitation
T h e  s tu d ie s  o n  ta l lo w  re m o v a l w e re  c a r r ie d  o u t in  sh a k e  f la sk  c u ltu re s . D u r in g  th e  
is o la t io n  o f  th e  o rg a n ism s , it w a s  n o te d  th a t  a ll th e  f i la m e n to u s  fu n g i w a s  fo u n d  in  
sh a k in g  c u ltu re s , a n d  n o t  in  n o n -s h a k in g  c u ltu re s . T h e  le v e l o f  a e ra t io n  o f  th e  
m e d iu m  m a y  h a v e  an  e f fe c t o n  th e  g ro w th , a n d  h e n c e  th e  ta l lo w  re m o v a l, b y  T. 
h a r z ia n u m  R ifa i R P 1 . T h e  in f lu e n c e  o f  v a ry in g  th e  ra te  o f  a g ita t io n  o n  c u ltu re s  w a s  
th e re fo re  e x a m in e d . A g ita t io n  ra te s  o f  0, 1 00 , 130 a n d  2 0 0  rp m  w e re  s tu d ie d .
I t  w a s  fo u n d  th a t  th e  o p tim u m  a g ita t io n  ra te  fo r  re m o v a l o f  ta l lo w  w a s  13Orpm 
(F ig u re  3 3 ). A t th is  ra te , re m o v a l w a s  4 0 % . A t 0 , 100 a n d  2 0 0 rp m , ta l lo w  re m o v a l 
w a s  7 % , 1 7 %  a n d  2 4 %  re s p e c tiv e ly . T h e  in c re a se  in  d ry  w e ig h t  fo l lo w e d  th e  sa m e  
tr e n d  (F ig u re  34 ). In c re a s e s  o f  1 .9 , 2 .1 , 2 .6  a n d  2 .3  g/1 w e re  o b s e rv e d  a t sp e e d s  o f  0, 
10 0 , 130  a n d  2 0 0  rp m  re sp e c tiv e ly . p H  h e ld  to  w ith in  0 .1 5  p H  u n its  o f  th e  o r ig in a l 
v a lu e s . T h e  o p tim u m  a g ita t io n  ra te  w a s  th e re fo re  d e e m e d  to  b e  1 3 O rpm , a n d  w a s  u se d  
fo r  fu r th e r  s tu d ie s .
F ig u re  33: T a llo w  re m o v a l b y  T. h a r z ia n u m  R ifa i R P1 at (a ) 0 rp m ; (b ) 100  rp m ; (c) 
1 30  rp m  a n d  (d ) 2 0 0  rp m .
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4F ig u re  34 : D ry  w e ig h t  in c re a se  o f  T. h a r z ia n u m  R ifa i R P 1  a t (a) 0 rp m ; (b ) 100 rp m ; 
(c ) 130  rp m  a n d  (d ) 2 0 0  lp m .
3.2.2.5.3 The influence of talow concentration
In  th e  p re v io u s  e x p e r im e n ts , a  ta l lo w  c o n c e n tra t io n  o f  2 0 g /l  w a s  a d d e d  to  th e  m e d ia . 
T h e  re m o v a l o f  th is  ta l lo w  w a s  a p p ro x im a te ly  4 0 %  u n d e r  o p tim u m  e n v iro n m e n ta l 
c o n d it io n s . T h e  re d u c tio n  o f  th e  ta l lo w  c o n c e n tra t io n  m ig h t im p ro v e  th e  e f f ic ie n c y , i f  
b io m a s s  p ro d u c tio n  w a s  n o t  d e c re a se d  b y  to o  h ig h  a  d e g re e . T h e  in f lu e n c e  o f  th e  
c o n c e n tra t io n  o f  ta l lo w  o n  g ro w th  a n d  ta l lo w  re m o v a l ra te s  w a s  th e re fo re  e x a m in e d .
T h e  p ro d u c t io n  o f  b io m a ss  w a s  re s tr ic te d  w ith  lo w e r c o n c e n tra t io n s  o f  th e  ta llo w  
s u b s tra te . D ry  w e ig h t  in c re a s e  w a s  g re a te s t  fo r  an  in itia l ta l lo w  c o n c e n tra t io n  o f  
2 0 g /l ,  w ith  lo w e r  in c re a s e s  o b s e rv e d  fo r  1 0 g /l, 2 g /l an d  lg /1 . In c re a s e s  o f  2 .4 g /l, 
1 .7 g /l, 1 .0 g /l a n d  0 .6 g /l re s p e c tiv e ly  w e re  n o te d  a fte r  10 d a y s  (F ig u re  35).
H o w e v e r , th e  p e rc e n ta g e  o f  in it ia l  ta l lo w  re m o v e d  in c re a s e d  as th e  c o n c e n tra t io n  w as  
d e c re a s e d . T h e  re m o v a l w a s  g re a te s t  w ith  lg /1  in itia l ta l lo w , d o w n  to  lo w e s t 
p e rc e n ta g e  re m o v a l w ith  2 0 g /l. In itia l c o n c e n tra t io n s  o f  1, 2 , 10 a n d  2 0 g /l  ta l lo w  w e re  
r e d u c e d  b y  8 0 % , 7 4 % , 4 5 %  a n d  3 3 %  re s p e c tiv e ly  (F ig u re  36 ). A lth o u g h  th e  h ig h e s t
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proportion of extracellular fat was removed at the lower tallow concentrations, the 
specific removal dropped slightly as the initial concentrations were lowered (Figure 
37). The Variation ofthe concentrations of tallow has a significant effect on the ability 
of RP1 to biodegrade it. It was therefore decided to carry out the in-depth studies of 
tallow metabolism by RP1 at the four different concentrations under optimal 
environmental conditions, as described in Table 12.
3  0  
2  5  J
( a )  ( b )  ( c )  ( d )
Figure 35: Dry weight increase of 71 harzicmum Rifai RP1 with (a) lg/1, (b) 2g/l, (c) 
1 0 g/l and (d) 2 0 g/l initial tallow.
1 00
Figure 36: Tallow removal by 7! harzicmum Rifai RP1 (a) lg/1, (b) 2g/l, (c) l(.)g/l and 
(d) 2 0 g/l initial tallow.
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Figure 37: Tallow removed per unit dry weight increase (g/g) of 7’. hcirzianum Rifai 
RP1 with (a) lg/1, (b) 2g/l, (c) 10g/l and (d) 20g/l initial tallow.
Table 12: Optimum environmental conditions for the culture of 7’. hcirzianum Rifai 
RP1 on tallow as the sole carbon source.
Parameter Optimum condition
pH 6 . 0
Temperature 25°C
Agitation 130rpm
Inoculum one 5-day old mycelial plug
Surfactant none
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3.3 An investigation of the biodégradation of tallow as the sole carbon source by 
Trichoderma harzianum Rifai RP1 under optimal environmental conditions.
In  o rd e r  to  s tu d y  th e  b io d é g ra d a tio n  o f  ta l lo w  a t v a r io u s  c o n c e n tra tio n s , T. harzianum  
R ifa i R P 1  w a s  se t u p  in  sh a k e  f la sk  c u ltu re  u n d e r  o p tim u m  e n v iro n m e n ta l  c o n d itio n s  
as d e te rm in e d  p re v io u s ly . T h e  su b s tra te , ta l lo w , w a s  a d d e d  at c o n c e n tra t io n s  o f  1, 2, 
10 a n d  2 0 g /l. E x tra c e llu la r  l ip id , d ry  w e ig h t  a n d  in tra c e llu la r  l ip id  w e re  m o n ito re d , as 
w e ll as th e  g ly c e r id e  c o m p o s itio n  o f  e x tra c te d  lip id  a n d  fa tty  a c id  c o m p o n e n ts  in  th e  
g ly c e r id e  f ra c tio n s .
3.3.1 The determination of growth parameters
D u rin g  g ro w th  o f  T. harzianum  R ifa i R P 1 w ith  ta l lo w  as  th e  so le  c a rb o n  so u rc e , th e  
d ry  w e ig h t  in c re a s e d , w h ile  e x tra c e llu la r  ta l lo w  d is a p p e a re d  f ro m  c u ltu re . T h e  m e d ia  
w e re  b u f fe re d  to  p H  6, so  p H  h e ld  to  w ith in  0 .2 5  p H  u n its  o f  th e  o r ig in a l v a lu e s .
Growth kinetics
T h e  g ro w th  o f  R P 1  o n  ta l lo w  w a s  r a p id  o v e r  th e  f ir s t  2  d a y s , a f te r  w h ic h  it  s lo w e d , 
a n d  th e  fu n g u s  re a c h e d  s ta tio n a ry  p h a s e  (F ig u re  38 ). A f te r  10 d a y s , th e  d ry  w e ig h t  
h a d  in c re a s e d  b y  0 .7 , 0 .9 , 1.5 a n d  2 .0 g /l  fo r  in it ia l  c o n c e n tra tio n s  o f  1, 2 , 10 a n d  2 0 g /l 
re sp e c tiv e ly .
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Figure 38: Growth of harzianum Rifai RPl when grown on (# ) Ig/l tallow, (■) 
2g/l tallow, (A) lOg/l tallow and (T) 20g/l tallow.
The specific growth rates (p) increased with increasing tallow concentrations (Table 
13). Values of 0.827, 1.008, 1.392 and 1.364 day' 1 were found for concentrations of 
1 , 2 , 1 0  and 2 0 g/l respectively.
Table 13: Specific growth rates of T. h a rz ia n u m  Rifai RPl grown on tallow at 1,2, 
1 0  and 2 0 g/l.





The correlation between specific growth rates and substrate concentration followed 




Umax = Specific growth rate and maximum specific growth rate; 
s = substrate concentration; 
ks = saturation constant.
where:
A plot of I/(.i against 1/s gives a straight line if Monod kinetics are followed, 
according to the equation:
1 I I
-  = — + ------  (Pirt, 1975)
mnx
The double-reciprocal plot had a correlation coefficient of 0.986 (Figure 40) which 
confirmed the validity of the Monod relationship between specific growth rates and 
tallow concentrations. From this plot, the values for ks and (a.max were found to be 
0.758g/l and 1.438 day' 1 respectively.
Tallow concentration (g/l)




Figure 40: Double reciprocal plot for specific growth rate. j.i, of cultures of T. 
harzianum Rifai RP1 with tallow as carbon source.
Substrate removal
During this growth of RP1, tallow was removed from cultures, showing a lag of 1 day 
at the different concentrations (Figure 41). With 1 and 2g/l tallow, following the lag, 
a period of rapid tallow removal was observed up to day 2 , after which the rate of 
removal slowed. A more gradual removal pattern was seen with 10 and 20g/l. The 
proportion of the tallow removed by RP1 during the course of incubation varied 
between the different initial concentrations, ll was high with 1 and 2g/l, with 83% and 
79% respectively of the initial concentrations removed after 10 days. Smaller 
fractions were removed with 1 0  and 2 0 g/l, final concentrations representing removals 
of 42% and 31% respectively.
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F ig u re  41 : T a llo w  re m a in in g  ( # ,  g/1) an d  ta l lo w  p e r  u n i t  b io m a s s  ( ■ ,  g /g )  w h e n  T. 
harzianum  R ifa i  R P1 w a s  g ro w n  o n  (a) 1 g/1 ta llo w , (b ) 2 g /l ta llo w , (c ) 1 0 g /l ta llo w , 
(d ) 20 g/1 ta llo w .
S p e c if ic  re m o v a ls  o f  ta l lo w  b y  R P 1  a lso  fo llo w e d  d is t in c t iv e  tre n d s  (F ig u re  4 1 ). T h e y  
w e re  f a s te s t  o v e r  th e  f ir s t  2 d a y s , a f te r  w h ic h  li ttle  sp e c if ic  r e m o v a l w a s  o b se rv e d . 
T h e  ra te  o v e r  th e  f ir s t  tw o  d a y s  in c re a s e d  w ith  in c re a s in g  ta l lo w  c o n c e n tra t io n s  
(T a b le  14). H o w e v e r , th is  t re n d  in  ra te s  a p p e a re d  to  le v e l a t in it ia l  c o n c e n tra t io n s  
h ig h e r  th a n  1 0g /l ta llo w . T h is  su g g e s te d  th a t  th e  c o r re la t io n  b e tw e e n  th e  sp e c if ic  
ta l lo w  re m o v a l ra te  a n d  th e  in it ia l  c o n c e n tra t io n  o f  ta l lo w  m a y  be  d e s c r ib e d  b y  
M ic h a e lis -M e n te n  k in e tic s . M ic h a e lis -M e n te n  k in e tic s  fo l lo w  th e  re la tio n sh ip :
r  =  rmax — (M a th e w s  a n d  v a n  H o ld e , 1990)
S + K m
w h e re :
r, rmax =  re a c t io n  ra te  a n d  m a x im u m  re a c tio n  ra te ;
K m w a s  th e  s a tu ra t io n  c o n s ta n t  a n d  s =  su b s tra te  c o n c e n tra tio n .
The double reciprocal plot had a correlation coefficient of 0.998, indicating that 
Michaelis-Menten kinetics was valid to describe the relationship between specific 
removal rates of tallow and initial tallow concentrations (Figure 42). The maximum 
theoretical specific removal rate of tallow could then be calculated, and was found to 
be 65.17gg'lday'1. The saturation constant, km, was found to be 10.94g/l.
Table 14: Specific tallow removal rates observed during growth of T. harzianum 
Rifai RP1 on tallow at 1,2, 10 and 20g/l.
Tallow Specific tallow removal rate (gg'^lay'1)
concentration (g/1) days 0 - 2 days 2 - 1 0
i 5.51 ±  1.09 0 . 17±0.03
2 9 .6 8 ± 1 .43 0 .22±0 .03
10 35 .24± 7 .22 0 . 17±0.06
20 3 9 .7 3 ± 4 .2 1 0 .72±0 .78
CO 0.20
Q •q
S  0.15 a>
2
g 0 . 1 0  o E
4)
a  0.05 «= o <u
«  0 . 0 0
-0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2
1/s (i/g)
Figure 42: Double reciprocal plot for specific tallow removal rate by T. harzianum 
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It was found that during its growth on tallow, various quantities of lipid were 
accumulated intracellularly in the biomass of T. harzianum Rifai RP1 (Figure 43). 
The amount of intracellular lipid per unit biomass was similar at all the 
concentrations studied. Intracellular lipid accumulated from day 4 onwards, reaching 
concentrations of 0.45, 0.55, 0.38 and 0.33g/g for tallow concentrations of 1, 2, 10 
and 2 0 g/l respectively by the end of incubation.
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Figure 43: Intracellular lipid per unit biomass (g/g) of T. h a rz ia n u m  Rifai RPl grown 
on ( • )  lg/1 tallow, (■) 2g/l tallow, (A) 10g/l tallow and (T ) 20g/l tallow.
T h e  d e te rm in a tio n  o f  y ie lds
T h e  y ie ld s  o f  T. harzianum  R ifa i R P 1  b io m a s s  o n  ta l lo w  a ls o  v a r ie d  a t th e  d if fe re n t 
s u b s tra te  c o n c e n tra tio n s . T h e  Y ie ld  c o e ff ic ie n ts , Yx/S ( th e  y ie ld  o f  to ta l d ry  w e ig h t  o n  
th e  s u b s tra te )  w a s  c a lc u la te d  f ro m  th e  fo rm u la
Av
(P in ,  1975)
' A s
w h e re :
A x =  th e  a m o u n t o f  b io m a s s  fo rm e d ;
As =  th e  a m o u n t o f  s u b s tra te  u ti l is e d .
T h e  lo w e r  in i t ia l  c o n c e n tra t io n s  g a v e  h ig h e r  d ry  w e ig h t  y ie ld  p e r  u n i t  fa t  re m o v a l 
(T a b le  15). C o e ff ic ie n ts  o f  0 .8 3 , 0 .5 8 , 0 .3 7  a n d  0 .3 4  w e re  o b s e rv e d  a t in itia l 
c o n c e n tra t io n s  o f  1 , 2 , 10  an d  20 g /l re sp e c tiv e ly .
T a b le  15: Y ie ld  c o e f f ic ie n ts  (Yx/S) o b s e rv e d  fo llo w in g  10 d a y s  in c u b a tio n  o f  T. 
harzianum  R ifa i  R P 1  w ith  ta l lo w  a t 1, 2 , 10 an d  2 0 g /l.





T h e  a c c u m u la te d  l ip id  a c c o u n te d  fo r  a  p ro p o r t io n  o f  th e  d ry  w e ig h t  p ro d u c e d  d u rin g  
in c u b a tio n , w h ic h  w a s  u s e d  e a r l ie r  to  c a lc u la te  b io m a ss  y ie ld s . S in c e  so m e  o f  th e  
e x tra c e l lu la r  l ip id  r e m o v e d  w a s  n o t  m e ta b o lis e d , th e  c a lc u la te d  y ie ld  m ig h t n o t  h a v e  
g iv e n  a n  a c c u ra te  in d ic a tio n  o f  b io m a ss  p ro d u c e d  p e r  u n it  s u b s tra te . T h e  y ie ld  o f  fa t-
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free biomass on the metabolised lipid was expressed as the yield coefficient, Yx|/sm. 
The metabolised lipid (sm) was the extracellular lipid removed, less any 
accumulation in the biomass:
sm = s ...-  -v,
where:
Sfcm — lipid removed from the supernatant; 
sH<x = lipid accumulated in the biomass.
The fat-free biomass (xf) was the fungal cellular material of RP1. not including the 
stored lipid.
The yield coefficient, Yxjysm, was calculated from the formula:
Y -  ^
*lm Asm
The calculated values for Yx|/sm were similar to those of (Table 16). As seen with 
the yield coefficients, Yx/S, the values with 1 and 2g/l initial tallow, 0.86 and 0.44 
respectively, were higher than those with 10 and 20g/l initial tallow. At the higher 
concentrations, the Yield coefficients were 0.33 and 0.29 respectively. This indicated 
that accumulation of the lipid intracellularly did not alter the overall yield of biomass 
of RPI on tallow.
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Table 16 : Y ie ld  coefficients (Y xf/sm ) observed follow ing 10 days incubation o f  T. 
harzianum R ifai RP1 w ith tallow  at 1, 2, 10 and 20g/l.
Initial tallow Fat free biomass Lipid metabolised Y ield  coefficient
concentration (g/1) (Axf) (g/1) (Asm) (g/1) (Y  xf/sm)
1 0.463±0.051 0.541±0.133 0.86±0.22
2 0.453±0.120 1.021±0.200 0.44±0.14
10 1.156±0.235 3.504±0.411 0.33±0.08
20 1.495±0.124 5.230±0.386 0.29±0.03
3.3.2 The composition of extracellular lipid
Biodégradation o f  tallow  occurs b y  hydrolysis o f  the glycerides, follow ed by 
assim ilation o f  fatty acids into the biomass. Since the glycerides w ere com posed o f  
m ixed fatty acids, the mode o f  breakdown m ay vary from organism to organism. The 
com position o f  the breakdown products o f  tallow  biodégradation by T. harzianum 
R ifai R P1 w as therefore o f  interest. In order to examine this, extracellular lipid 
extracts were analysed w ith respect to their glyceride and free fatty acid 
compositions.
3.3.2.1 Concentration patterns of the lipid constituents 
Glyceride composition of tallow
Triglycerides were the main constituent o f  tallow  at the beginning o f  incubation 
(Table 17). 1,3 diglycerides were the next major component, follow ed by free fatty 
acids. 1,2 diglycerides and m onoglycerides were each present at less than 1%  o f  the
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tallow . Biodégradation o f  tallow  occurs by the hydrolysis o f  triglycerides to 
diglycerides, w hich in turn are hydrolysed to m onoglycerides, w hich are finally 
hydrolysed to release the last fatty acids. Each step o f  hydrolysis adds to the free fatty 
acids, w hich  are assimilated by the m icrobial cell.
Table 17: Percentage o f  glycerides and free fatty acids in tallow  used as the substrate 






free fatty acids 3.7±0.1%
Triglyceride concentrations
It w as essential that the triglycerides w ere hydrolysed for effective rem oval o f  the 
tallow  substrate from cultures. The concentrations o f  triglycerides w ere therefore 
follow ed to determine i f  triglyceride hydrolysis was occurring.
The hydrolysis o f  the triglycerides was evident at all the tallow  concentrations 
(Figure 44). This hydrolysis mirrored the removal o f  total lipids. W ith 1 and 2g/l 
tallow , triglyceride concentrations decreased rapidly after day 1, the rate slow ing after 
day 4. A t  the higher concentrations o f  10 and 20g/l, hydrolysis w as more gradual, 
with no rapid initial drop in concentrations.
W ith lg/1 initial tallow , triglycerides dropped from 0.95g/l to 0.06g/l over the 10 days 
o f  incubation. A t 2g/l tallow , they reached 0.12g/l from 1.72g/l. These residual
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concentrations indicated that triglycerides were hydrolysed by 94%  and 93% 
respectively. W ith 10g/l, triglycerides decreased from 8.71 g/1 to 2.90g/l. W hen 20g/l 
tallow  w as added, triglycerides dropped from 16.77g/l to 7.25g/l. These final 
concentrations indicated lower levels o f  hydrolysis, with 67%  and 57% , respectively, 
hydrolysed after 10 days.
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Figure 44: Extracellular triglyceride concentrations in cultures o f  T. harzianum Rifai 
RP1 grown on ( • )  1 g/1 tallow , (■) 2g/1 tallow , (A )  10g/1 tallow  and (▼) 20g/l tallow.
Di- and Monoglyceride concentrations
Biodégradation o f  triglycerides to fatty acids and glycerol proceeds through di- and 
m onoglyceride intermediates. H ydrolysis o f  the triglycerides did not present a 
problem  for T. harzianum R ifai R P 1. H owever, hydrolysis o f  the di- and 
m onoglycerides must also occur for effective biodégradation o f  tallow . Their 
extracellular concentrations were therefore follow ed to determine i f  they were being 
broken down as they w ere produced by hydrolysis o f  the triglycerides.
The concentrations o f  diglycerides and m onoglycerides remained relatively constant 
throughout the growth o f  RP1 on tallow  (Figure 45). 1,2 diglycerides and 
m onoglycerides were detected at very low  levels, but 1,3 diglycerides contributed 
more significantly to the extracellular lipid. W ith 1 and 2g/1 tallow , triglyceride levels
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h a d  d ro p p e d  to  s im ila r  c o n c e n tra tio n s  as 1,3 d ig ly c e r id e s  b y  d a y  10. W ith  10 an d  
20g/l ta l lo w , b o th  d ig ly c e r id e s  a n d  m o n o g ly c e r id e s  re m a in e d  a t c o n c e n tra tio n s  
s ig n if ic a n tly  lo w e r  th a n  tr ig ly c e r id e s  th ro u g h o u t  in c u b a tio n .
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F ig u re  45 : E x tra c e llu la r  d ig ly c e r id e  a n d  m o n o g ly c e r id e  c o n c e n tra t io n s  d u rin g  
in c u b a t io n  o f  T. harzianum  R ifa i R P 1  o n  (a) lg/1 ta llo w ; (b ) 2 g /l  ta l lo w ; (c )  10g /l 
ta l lo w ; (d ) 2 0 g /l  ta llo w . S y m b o ls : •  1,3 d ig ly c e r id e s ; ■  1,2 d ig ly c e r id e s ; ▲ 
m o n o g ly c e r id e s .
Fre faty acid concentrations
T h e  fa t ty  a c id s  r e le a s e d  b y  h y d ro ly s is  o f  th e  ta l lo w  g ly c e r id e s  w e re  a v a ila b le  to  T. 
harzianum  R ifa i  R P 1  as  f re e  fa tty  a c id s  w h ic h  c o u ld  b e  a s s im ila te d  b y  th e  b io m a ss . 
T h e  c o n c e n tra t io n s  o f  e x tra c e llu la r  f re e  fa t ty  ac id s  w e re  o f  in te re s t  to  m o n ito r  i f  
u p ta k e  w a s  p ro c e e d in g  as  q u ic k ly  as p ro d u c tio n .
E x tra c e l lu la r  f re e  fa tty  a c id  c o n c e n tra t io n s  f lu c tu a te d  d u r in g  in c u b a tio n  o f  R P 1  o n  
ta l lo w  (F ig u re  4 6 ). W ith  in it ia l  ta l lo w  c o n c e n tra tio n s  o f  1 a n d  2 g /l, th e ir
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concentrations increased sharply from day 2 to 4, after which they decreased. The 
peak concentrations observed on day 4 were 0.22 and 0.37g/l dropping to residual 
concentrations of 0.06 and 0.15g/l for 1 and 2g/l respectively. A peak was not seen 
with tallow concentrations of 10 and 20g/l. In these cases, free fatty acid 
concentrations increased gradually over the period studied. Their final concentrations 
were 2.19 and 4.14g/l respectively.
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Figure 46: Extracellular free fatty acid concentrations during incubation of T. 
harzianum Rifai RPl on (a) lg/l tallow; (b) 2g/l tallow; (c) lOg/l tallow; (d) 20g/l 
tallow.
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Fatty acids released by hydrolysis of glycerides
The hydrolysis o f  the glycerides resulted in the release o f  free fatty acids, w hich were 
then available for assimilation by R P 1. B y  calculating the amount o f  these released 
fatty acids, the time course o f  hydrolytic activity could be follow ed. This w as o f  
interest to exam ine i f  the accumulation patterns o f  the extracellular free fatty acids 
could be explained by the patterns o f  hydrolytic activity during incubation.
The amount o f  free fatty acids released by glyceride hydrolysis w as calculated by 
expressing the glyceride concentrations as m illim oles and then using the formula:
Ftot= 3T  + 2D + M
where:
Ftot = the number o f  millim oles o f  fatty acids produced by glyceride hydrolysis;
T  = the decrease in the number o f  m illim oles o f  triglycerides;
D = the decrease in the number o f  m illim oles o f  diglycerides;
M  = the decrease in the number o f  m illim oles o f  m onoglycerides.
The resulting values w ere then expressed in g/1. In cultures with initial tallow
concentrations o f  1 and 2g/1, the fatty acid release due to glyceride hydrolysis was
rapid after the initial lag o f  1 day, and slow ed with little extra release after day 7 
(Figure 47). A t the end o f  incubation, 0.89 and 1.58g/l respectively o f  fatty acid had 
been released. A t 10g/l, the rapid release w as apparent initially also, and continued at 
a relatively constant rate to day 10, when 5.82g/l had been released. W ith 20g/l 
tallow , after the lag o f  1 day, fatty acid release also continued at a relatively constant 
rate up to day 10. A t day 10, 9 .10 g/1 o f  fatty acid had been released due to glyceride 
hydrolysis.
The release per gram o f  biomass was similar for the different concentrations up to 
day 4 (Figure 48). A fter day 4, the release remained constant for tallow  
concentrations o f  1 and 2g/1, but continued to increase for 10 and 20g/l. A fter 10
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days, the free fatty acids released per gram o f  biom ass had reached 1.1 gg"1 and 1.6 
g g '1 for 1 and 2g/l tallow. W ith 10 and 20g/l tallow , it had reached 3 .1g g _1 and 4 - lg g '1 
respectively.
It can be seen that hydrolysis o f  glycerides had ceased after day 4 w ith 1 and 2g/l 
tallow. H ydrolysis continued with 10 and 20g/l to the end o f  incubation. Sim ilar 
specific concentrations o f  fatty acid had been released at all concentrations o f  tallow  
up to day 4. A fter day 4, the specific concentrations were similar for 10 and 20g/l 
tallow , and only a small difference was observed between 1 and 2g/l .
It w as seen that with 1 and 2g/l tallow , hydrolysis o f  glycerides ceased on day 4, the 
point at w hich extracellular accum ulation o f  free fatty acids peaked and 
concentrations began to drop. W ith the higher concentrations, hydrolysis continued to 
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Figure 47: Fatty acid released by hydrolysis o f  extracellular glycerides in cultures o f  
T. harzianum R ifai RP1 w ith ( • )  lg/1 initial tallow, (■) 2g/l initial tallow , (A) 10g/l 
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Figure 48: Fatty acids released by glyceride hydrolysis per unit biom ass o f  T. 
harzianum R ifai R P 1, w ith ( • )  lg/1 initial tallow , (■) 2g/l initial tallow , (A )  10g/l 
initial tallow  and (▼) 20g/l initial tallow.
3.3.2.2 Fatty acid composition of extracellular lipid components
Lipases m ay have fatty acid specificities, or m ay hydrolyse fatty acids from 
glycerides at different rates depending on chain length or degree o f  saturation. I f  
preferential cleavage o f  any particular fatty acid from glycerides occurred, then the 
fatty acid com position o f  the glycerides w ould change over the course o f  incubation. 
The fatty acid com positions o f  the glycerides were therefore examined, to observe if  
any o f  its constituent fatty acids w ere resistant to hydrolysis from  the glyceride 
backbone by R P1 lipases. This would give an indication o f  any fatty acid specificity 
by the lipases.
The m ain fatty acids detected in tallow  were palm itic, stearic and oleic acids, with 
low er concentrations o f  m yristic and linoleic acids (Table 18). B efore incubation, 
oleic acid w as at 41% and 46% o f  the fatty acids in tallow  triglycerides and free fatty 
acids respectively. This w as higher than the other main fatty acids, palm itic and 
stearic acid. Palm itic accounted for 24%  and 25% , w hile stearic was at 28%  and 25%  
respectively in the triglycerides and free fatty acids. H owever, in the diglycerides,
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these fatty acids were present at similar levels, palmitic, stearic and oleic accounting 
for 34% , 3 1%  and 32%  o f  fatty acids respectively. M yristic and linoleic acids were 
present at significantly low er levels.
The fatty acid com positions after 10 days o f  incubation were similar to the initial 
values (Table 18). The glycerides and free fatty acids contained m ainly palmitic, 
stearic and oleic acid. In the triglycerides, palm itic acid accounted for 27%  to 30%, 
stearic acid was 28% to 35% , w hile oleic acid comprised 32%  to 43%  o f  the fatty 
acids. In the free fatty acids, palm itic w as at 26%  to 33% , stearic at 23%  to 33% , and 
oleic at 35%  to 45% . The diglycerides also consisted mainly o f  these fatty acids, with 
palm itic at 27%  to 40%, stearic at 2 1%  to 23%  and oleic acid at 34%  to 47% . In the 
glycerides and free fatty acids, m yristic and linoleic acid were again present at 
significantly low er levels.
Since the compositions o f  the glycerides at the start and end o f  incubation did not 
show  any significant changes, there was no fatty acid specificity evident during 
hydrolysis. A lso , the free fatty acids w ere similar in composition, so no assimilation 
preference was evident by RP1 biomass.
The concentration o f  tallow  substrate did not influence the fatty acid specificity o f  
hydrolysis or free fatty acid assimilation. N o composition pattern differences were 
noted between the concentrations examined.
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Table 18: Fatty acid composition of extracellular triglycerides, diglycerides and free 
fatty acids in cultures of T. harzianum Rifai RP1 grown on 1, 2, 10 or 20g/l tallow for 
10 days. (TG = triglycerides; DG = diglycerides; FFA = free fatty acids)
Fatty Tallow TG DG FFA
acid conc. (g/1) Initial % Final % Initial % Final % Initial % Final %
Myristic 1 4.7±0.7 0±0 0.9±0.7 0±0 0.8±0.7 o±o
2 4.7±0.7 0±0 0.9±0.7 0±0 0.8±0.7 0±0
10 4.7±0.7 5.3±2.6 0.9±0.7 0±0 0.8±0.7 7.5±2.9
20 4.7±0.7 o±o 0.9±0.7 0±0 0.8±0.7 0±0
Palmitic 1 23.5±0.8 30.3±1.6 33.9±0.8 40.1±1.6 25.3±0.8 29.0±1.6
2 23.5±0.8 27.7±1.4 33.9±0.8 35.4±1.6 25.3±0.8 26.4±0.9
10 23.5±0.8 26.6±1.1 33.9±0.8 36.9±2.3 25.3±0.8 27.6±1.3
20 23.5±0.8 29.1± 1.7 33.9±0.8 26.6±1.6 25.3±0.8 32.8±0.9
Stearic 1 28.1±0.9 27.8±1.3 31.0±0.9 22.0±1.3 24.9±0.9 32.5±1.3
2 28.1±0.9 29.4±1.5 31.0±0.9 22.9±1.6 24.9±0.9 25.5±0.7
10 28.1±0.9 34.5±2.3 31.0±0.9 20.8±0.9 24.9±0.9 23.0±0.9
20 28.1±0.9 31.9±1.8 31.0±0.9 22.7±1.3 24.9±0.9 24.2±1.5
Oleic 1 41.1±0.8 39.3±1.6 32.1±0.8 35.4±1.6 45.6±0.8 35.4±1.6
2 41.1±0.8 42.8±1.8 32.1±0.8 34.0±2.1 45.6±0.8 44.9±0.9
10 41.1±0.8 31.5±1.7 32.1±0.8 39.6±0.9 45.6±0.8 38.8±1.2
20 41.1±0.8 37.0±1.4 32.1±0.8 47.2±2.4 45.6±0.8 39.7±1.1
Linoleic 1 2.6±0.5 2.6±0.9 2.1±0.5 2.4±0.9 3.5±0.5 3.1±0.9
2 2.6±0.5 0 ± 0 2.1±0.5 7.7±1.6 3.5±0.5 3.2±0.9
10 2.6±0.5 2.1±1.9 2.1±0.5 2.7±1.3 3.5±0.5 3.0±0.7
20 2.6±0.5 2.1±0.9 2.1±0.5 3.5±0.8 3.5±0.5 3.4±1.0
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3.3.2.3 R e m o v a l o f  the  m a in  fa t ty  a c id  co n s titu e n ts
It w as noted above that the concentrations o f  triglycerides decreased, diglycerides and 
m onoglycerides remained relatively constant and free fatty acids accumulated 
transiently for 1 and 2g/l and permanently w ith 10 and 20g/l. In all these fractions, 
fatty acids w ere present. These were then hydrolysed from  glycerides and taken up by 
R P1. The specific rates o f  rem oval o f  total extracellular m yristic, palmitic, stearic, 
oleic and linoleic acids were o f  interest for comparison.
It w as observed that specific rem oval o f  m yristic acid w as rapid over the first 2 days, 
w ith little variation in specific concentrations for the remainder o f  incubation (Figure 
49). This pattern w as apparent at all 4 concentrations o f  tallow. Sim ilar patterns were 
observed for palm itic, stearic, oleic and linoleic acids, with a rapid decrease in 
specific concentrations, fo llow ed by a period o f  little change. To compare the relative 
rates at w hich individual fatty acids were assimilated, specific rates o f  rem oval from 
days 0 to 2 w ere calculated.
W hen the initial concentration o f  tallow  w as lg/1, the greatest specific rem oval rate 
w as o f  oleic acid (Tables 19). A  rate o f  1.9 9 gg'1day'1 was noted. The rem oval rates o f  
the next tw o most significant fatty acids, palm itic and stearic, were low er at 1 .17  and 
1.3 9 gg '1d ay '1 respectively. The rates for m yristic and linoleic acids were significantly 
lower, at 0.24 and 0 .14gg‘ 1day"1 respectively.
A t an initial concentration o f  2g/l tallow , a similar pattern was observed. O leic had 
the highest specific rem oval rate, at 3.47gg"Iday"1 over the first 2 days. Stearic 
follow ed, at 2 .40gg'1d ay '1, w hile palm itic had a rate o f  2.04gg'1d ay'1. A gain, the 
low est rates w ere for m yristic and linoleic acids, at 0.39 and O ^ g g 'M a y "1 
respectively.
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At lOg/l initial tallow, oleic acid had again a significantly higher removal rate from 
days 0 to 2. Its rate of 12.72gg‘lday'1 was greater than that of 8.84gg'lday'1 observed 
with stearic acid, and of T^gg^'day' 1 with palmitic acid. Myristic and linoleic acid 
displayed lower rates of 1.39 and O^Sgg^day' 1 respectively.
With the highest tallow concentration of 20g/l, the trend was again repeated. Oleic 
acid had the highest specific removal rate of 14.34gg‘lday'1 over the first two days, 
compared to 9.99gg'lday‘l with stearic and 8.41 gg'^lay' 1 with palmitic acid. The 
lowest rates were again with myristic and linoleic acids, of 1.65 and O ^gg'day ' 1 
respectively.
Although the specific removal rates of oleic acid were the highest, it was present in 
the highest concentration exlracellularly. Stearic acid and palmitic acid were 
assimilated at lower rates, being present at lower concentrations. Therefore no 
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Figure 49: Total extracellular concentrations per unit biomass o f  (a) m yristic acid, (b) 
palm itic acid, (c) stearic acid, (d) oleic acid and (e) linoleic acid in cultures o f  T. 
harzianum Rifai RP1 grown on ( • )  lg/l initial tallow, (■) 2g/l initial tallow , (A) 
lOg/l initial tallow  and (T ) 20g/l initial tallow.
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Table 19: Specific rem oval rates for total extracellular fatty acid contituents over the 
first two days o f  incubation, when T. harzianum R ifai RP1 was grown on 1, 2, 10 or 
20g/l tallow.
T allow  conc. (g/1) Specific rem oval rate (gg^day-1)
M yristic Palm itic Stearic O leic Linoleic
1 0.24±0.04 1.17±0.25 1.39±0.28 1.99±0.01 0 .14±0.03
2 0.39±0.05 2.04±0.32 2.40±0.36 3.47±0.52 0.23±0.03
10 1.39±0.27 7.58±1.57 8.84±1.81 12.72±2.59 0.82±0.17
20 1.65±0.16 8.41±0.98 9.99±1.10 14.34±1.56 0.95±0.10
W hen the specific fatty acid rem oval rates at the various concentrations were 
compared, an increase in rates was observed up to 10g/l, after w hich the increase in 
rates levelled o f f  (Table 19). This pattern was observed earlier for tallow  and 
triglycerides, so the correlation again m ay fo llow  M ichelis-M enten kinetics.
To test this hypothesis, double reciprocal plots were constructed for each o f  the fatty 
acids (Figure 50). G ood correlation coefficients were found with all the fatty acids 
(Table 20). For m yristic, palm itic, stearic, oleic and linoleic acids, they were 0.992, 
0.997, 0.997, 0.997 and 0.994 respectively. From the plots, the m axim um  theoretical 
specific rem oval rates w ere calculated for the fatty acids. The lowest rates were found 
with m yristic and linoleic acids, o f  2.30 and l ^ g g ^ d a y '1 respectively. In order o f  
increasing m axim um  rates, palm itic, stearic and oleic acids had rates o f  13.82, 15.97 
and 23.29gg‘ 1d ay '1 respectively. The saturation constants (K s) w ere low est for 
m yristic and linoleic acids, at 8.81 and 8.90g/l respectively. Palmitic, stearic and oleic 
acids had similar saturation constants, at 10.95, 10.63 and 10.83g/1 respectively. The 
saturation constants for palm itic, stearic and oleic acids were similar to those 
observed for tallow  and triglycerides.
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Figure 50: Double reciprocal plots for specific fatty acid removal rates by T. 
harziamim Rifai RP1 grown on tallow. Legend: (a) myristic acid; (b) palmitic acid; 
(c) stearic acid; (d) oleic acid: (e) linoleic acid.
Table 20: Maximum theoretical specific fatty acid removal rate (gg"lday''), saturation
- ( ") *
constant, ks (g/1) and correlation coefficient, r , of specific fatty acid removal rates by 
T. harzianum Rifai RP1 grown on tallow at 1,2, 10 and 20g/l.
Fatty acid Max. rale Ks r
Myristic acid 2.30 8.81 0.992
Palmitic acid 13.82 10.95 0.997
Stearic acid 15.97 10.63 0.997
Oleic acid 23.29 10.83 0.997
Linoleic acid 1.36 8.90 0.994
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3.3.3 C o m p o s it io n  o f  in t ra c e l lu la r  l ip id
The intracellular lipid accumulated in the biomass was a product o f  fatty acids taken 
in from  the medium. M ono-, di- and triglycerides m ay be re-synthesised in the fungal 
cells, and m ay be present in stored lipid. To determine i f  glycerides were re­
assembled intracellularly, the glyceride composition o f  intracellular lipid was 
examined.
3.3.3.1 Intracelular glycerides and fre faty acids
The main components found in the intracellular lipid were triglycerides, diglycerides 
and free fatty acids (Figure 51). M onoglycerides were not detected. The specific 
concentrations o f  these components varied during incubation. W hen T. harzianum 
R ifai RP1 w as grown on lg/1 tallow , free fatty acids were the dominant lipid class in 
intracellular lipid, rising from  0.04gg~' on day 2 to 0.35gg_l by day 10. Triglycerides 
rose from  0.02gg_1 on day 2 to a peak o f  0.15gg"’ by day 7, w ith a final specific 
concentration o f  O.lOgg"1 on day 10. D iglycerides remained very low  throughout, 
w ith levels remaining below  O .O lgg'1.
W ith 2g/l tallow , the pattern w as similar to that seen with lg/1, w ith little 
accum ulation from days 2 to 4. O verall, free fatty acids increased from 0.05gg_I on 
day 2 to a final value o f  0.44gg"1 over the 10 days. Triglycerides again peaked on day 
7, reaching 0 .15gg_1 from 0.02gg’ 1, ending on O.lOgg"1 by day 10. D iglycerides 
remained below  O.Olgg"1.
W hen the tallow  concentration w as increased to 10g/l, free fatty acids increased 
throughout incubation, from  a day 2 level o f  O.Olgg"1 to 0.28gg"' on day 10. 
Triglycerides increased gradually, from O.Olgg"1 to 0.09gg"1 by day 10. D iglycerides 
again remained below  O.Olgg"1.
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At the highest tallow concentration of 20g/l, free fatly acids were present at lower 
concentrations than triglycerides for much of the incubation, increasing gradually 
from 0.02gg_l to O.I7gg'! by the end of incubation. Triglycerides were present at 
0.0Igg' 1 on day 2, increased to a peak of 0.20gg'' by day 7, with a residual 
concentration on day 10 of O.I4gg''. As with the previous tallow concentrations, 
diglycerides remained at less than 0 . 0  lgg ' 1 throughout incubation.
At all the tallow concentrations, triglyceride re-synthesis was occurring 
intracellularly, as significant specific concentrations were present in the stored lipid. 
Free fatty acids, however, formed a very significant proportion of the intracellular 
lipid. The level of triglycerides became more significant at the higher concentrations 
of tallow, as the levels of free fatty acids decreased. The intermediates in triglyceride 
synthesis and degradation, the di- and monoglycerides, did not accumulate in 
significant quantities in the fungal biomass.
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Figure 51: Intracellular glycerides and free fatty acids per unit biomass during 
incubation o f  T. harzianum R ifai RP1 on (a) lg/1 tallow , (b) 2g/l tallow , (c) 10g/l 
tallow , (d) 20g/l tallow . Sym bols: •  triglycerides; ■ free fatty acids; A  1,3 
diglycerides; ▼ 1,2 diglycerides.
3.3.3.2 Faty acid composition of intracelular lipid components
The component fatty acids in intracellular glycerides and free fatty acids m ay have 
been those assimilated from  the extracellular medium, or synthesised de novo. The 
organism m ay show a preference for the accumulation o f  a particular fatty acid, 
because it is beneficial to it, or it cannot metabolise the particular fatty acid readily. It 
m ay also be the case that other fatty acids are more readily utilised for growth and 
energy needs. To determine i f  particular fatty acids are stored preferentially by T. 
harzianum R ifai R P 1, the fatty acid compositions o f  intracellular lipid components 
were examined.
The main components o f  intracellular triglycerides were palm itic, stearic and oleic 
acid (Figure 52). M yristic acid was not detected, w hile linoleic acid w as present in 
trace amounts. W ith the lower concentrations o f  1 and 2g/l tallow , stearic acid was at 
the highest concentration in triglycerides. Palm itic and oleic acid w ere present at 
similar concentrations. Their concentrations mirrored the trend in triglyceride 
concentrations, increasing from day 4 to 7, before decreasing slightly to day 10. With 
the higher concentrations o f  tallow , the three fatty acids were present at similar levels 
throughout. A gain , their concentrations mirrored the trends apparent in triglyceride 
concentrations. Although there were slightly higher concentrations stearic acid with 1 
and 2g/l tallow , in general, no specificity was displayed for accumulation o f  any o f  
the three main fatty acids in intracellular triglycerides.
Since diglycerides were present at very low  concentrations, so too were their 
component fatty acids. The main fatty acids detected were palm itic, stearic and oleic 
acids (Figure 53). N o significant preferential accumulation was evident at any o f  the 
tallow  concentrations examined. Although oleic acid was present at higher 
concentrations with 10 and 20g/l tallow , these concentrations were very low, so no 
inference o f  specificity could be drawn from  the data.
Intracellular free fatty acids were a significant component o f  intracellular lipid. The 
fatty acids making up the free fatty acids were therefore o f  importance when 
exam ining accumulation specificity. A gain , the main component fatty acids were 
those m aking up the major part o f  tallow  fatty acids. Palmitic, stearic and oleic acid 
were detected in similar amounts w ith 1, 2 and 10g/l tallow  substrate (Figure 54). 
W ith 20g/l tallow , oleic and stearic acids were present in similar concentrations, with 
slightly low er quantities o f  palm itic acid. A t all concentrations, m yristic acid was 
undetected in intracellular free fatty acids, w hile linoleic acid w as present in trace 
amounts. There was no significant specificity for accumulation o f  any o f  the three 
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Figure 52: Fally acid composition of intracellular triglycerides of T. harzianum Rifai 
RP1 grown on (a) lg/1 tallow, (b) 2g/l tallow, (c) 10g/l tallow and (d) 20g/l tallow. 
Symbols: •  myristic acid: H palmitic acid: A  stearic acid; ▼ oleic acid; ♦  linoleic 
acid.
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Figure 53: Fatty acid composition of intracellular diglycerides of T. harzianum Rifai 
RP1 grown on (a) lg/1 tallow, (b) 2g/l tallow, (c) 10g/l tallow and (d) 20g/l tallow. 
Symbols: •  myristic acid; ■  palmitic acid; A stearic acid; ▼ oleic acid; ♦  linoleic 
acid.
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Figure 54: Fatty acid composition of intracellular free fatty acids of T. harzianum 
Rifai RIM grown on (a) lg/I tallow, (b) 2g/l tallow, (c) 10g/l tallow and (d) 20g/l 
tallow. Symbols: •  myristic acid; ■  palmitic acid; A stearic acid; ▼ oleic acid; ♦  
linoleic acid.
3.3.3.3 Total intracelular faty acid acumulation
The fatty acids accumulated intracellularly were bound in tri- and di-glycerides, and 
also were present as free acids. The total percentage of any particular fatty acid 
intracellularly would give an indication if accumulation differences occurred.
On day 10, the percentage of each fatty acid was noted (Table 21). Myristic was not 
detected in intracellular fatty acids, while linoleic acid was present only in trace 
amounts. The main fatty acids, palmitic, stearic and oleic acid all accumulated 
intracellularly, neither one accumulating significantly more than others.
Table 21: Fatty acid com position o f  total intracellular lipid on day 10 o f  T. harziamm 
Rifai RP1 grown on 1 ,2 , 10 or20g/l tallow.
Fatty acid %  fatty acid
lg/l tallow 2g/I tallow 10g/l tallow 20g/l tallow
M yristic acid 0% 0% 0% 0%
Palm itic acid 30.6% 26.3% 29.5% 33.3%
Stearic acid 32.5% 32.7% 41.9 % 28.8%
O leic acid 36.3% 40.9% 24.5% 35.2%
Linoleic acid 0.6% 0% 4.2% 2.7%
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3.4 An investigation of the metabolism of a mixture of palmitic, stearic and oleic 
acids by Trichoderma harzianum Rifai RP1 under optimal environmental 
conditions.
In section 3.3, it w as found that the main fatty acids in tallow  were palm itic, stearic 
and oleic acid. A ll three fatty acids were assimilated by T. harzianum R ifai R P 1, and 
no specificity w as evident in this assimilation. Intracellularly, the three fatty acids 
accumulated in stored lipids, and again, no specificity was evident in the 
accumulation. H ow ever, oleic acid w as present at higher concentrations in tallow  than 
stearic or palm itic acid, w hich m ay have influenced uptake and accum ulation rates.
The specific growth rates o f  RP1 on tallow  follow ed M onod kinetics. W ith 10 and 
20g/l tallow , the m axim um  growth rate w as reached, suggesting that the growth was 
limited at these tallow  concentrations. A n  extracellular accum ulation o f  free fatty 
acids w as also observed at these concentrations. It has been suggested also that fatty 
acids m ay be toxic to microorganism s, lim iting growth and inhibiting their own 
m etabolism  as noted in section 1.
To examine the utilisation o f  palm itic, stearic and oleic acids by T. harzianum R ifai 
R P 1, studies were carried out w ith these fatty acids as substrates. RP1 w as set up in 
culture under the optimum conditions as described in section 3.2. A  mixture o f  the 
fatty acids, palm itic, stearic and oleic acid w ere used as the carbon source. A  range o f  
concentrations were examined: 0.04, 0.12, 0.25 and 0.60g/l o f  each fatty acid, giving 
total fatty acid concentrations o f  0.12, 0.36, 0.75 and 1.80g/l. Extracellular lipid, dry 
w eight and intracellular lipid were monitored, as w ell as the glyceride composition 
and fatty acid components in the extracted lipid.
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3.4.1 The determ ination of growth param eters
During incubation o f  T. harzianum R ifai RP1 with a mixture o f  palm itic, stearic and 
oleic acids as the sole carbon source, dry w eight increased w hile extracellular fatty 
acid concentrations decreased. pH w as monitored and it held to within 0.3 pH units o f  
the original buffered value, 6.0.
Growth of T. harzianum Rifai RP1
A fter incubation for 10 days, the dry w eight increase was greatest for the highest 
initial concentration o f  extracellular fatty acids (Figure 55). W ith 1.8g/1 fatty acids, an 
increase o f  0.47g/l w as observed. A t  initial concentrations o f  0.75, 0.36 and 0.12g/l, 
increases o f  0.26, 0.22 and 0.09g/l were seen. A fter an initial lag o f  1 day, rapid 
growth was observed. Grow th then slowed, reaching stationary phase after 7 days.
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Figure 55: G rowth o f  a culture o f  T. harzianum R ifai RP1 on a mixture o f  palmitic, 
stearic and oleic acids as carbon source. Sym bols: •  0.12g/l fatty acids; ■ 0.36g/l 
fatty acids; A  0.75g/l fatty acids; T  1.80g/l fatty acids.
A n exponential increase in dry w eight w as observed at all initial concentrations o f  
fatty acids. The specific growth rates (p) were similar at all the fatty acid
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concentrations (Table 22). Rates o f  0.1029, 0.0906, 0.0963 and 0.1029 were noted for 
0.12, 0.36, 0.75 and 1.80g/l respectively.
Table 22: Specific growth rates o f  T. harzianum R ifai R P1 grown on a mixture o f  
palm itic, stearic and oleic acids at 0.12, 0.36, 0.75 or 1.80g/l.





Removal of the fatty acid mixture
During the growth o f  T. harzianum R ifai R P1 on the fatty acid mixture, fatty acids 
were rem oved from culture after an initial lag o f  1 day (Figure 56). This lag was 
follow ed by a period o f  rapid rem oval, after w hich rem oval slowed. The residual 
concentrations on day 10 indicated that the percentage o f  total fatty acids rem oved 
decreased as their concentrations increased. Percentage rem ovals o f  97% , 73% , 6 1%  
and 43%  were observed for 0.12, 0.36, 0.75 and 1.80g/l o f  fatty acids.
The specific rates o f  rem oval decreased w ith increasing fatty acid concentrations 
(Table 23). Rates o f  0.798, 0.431, 0.227 and O ^ lSgg^ day"1 were noted for 0.12, 0.36, 
0.75 and 1.80g/l fatty acids respectively.
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Figure 56: Total extracellular fatty acids concentrations in cultures of T. harzianum 
Rifai RP1 with ( • )  0.12g/l, (■) 0.36g/l, (A) 0.75g/l, (▼) l.80g/l initially of a 
mixture of palmitic, stearic and oleic acids.
Table 23: Specific total fatty acid removal rate by 7! harzianum Rifai RPl grown on a 
mixture of palmitic, stearic and oleic acids at 0.12, 0.36, 0.75 or 1,80g/l.
Fatty acid concentrations (g/1) Specific removal rate (gg'May'1)




Acumulation of intracelular lipid
During growth of 7’. harzianum Rifai RPl on a mixture of palmitic, stearic and oleic 
acids, various amounts of intracellular lipid accumulated in the biomass. The specific 
concentration of intracellular lipid increased with increasing concentration of fatty
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acids (Figure 57). They reached specific concentrations of 0.466, 0.304, 0.220 and 
0.093gg' for 1.80, 0.75, 0.36 and 0.12g/l fatty acid.
0 2 4 6 8 10 12
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Figure 57: Intracellular lipid per unit biomass of T. hgrzianum Rifai RP1 grown on 
( • )  0.12g/l, (■) 0.36g/l, (A) 0.75g/l and (Y) l.80g/l of a mixture of palmitic, stearic 
and oleic acids.
The determination of yields
The yields of RP1 biomass on the fatty acid mixture also varied with the different 
concentrations of fatty acids. The yield coefficients (Y*/$), the yields of total dry 
weight on the substrate after 10 days, were calculated as described in section 3.3. 
They were similar at all fatly acid concentrations (Table 24). Values of 0.80, 0.90, 
0.59 and 0.63 were observed for 0.12, 0.36, 0.75 and 1 .S0g/1 respectively.
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Table 24: Y ield  coefficients, Yx/S (the yield  o f  total dry w eight on substrate), for T. 
harzianum R ifai RP1 grown on a mixture o f  palm itic, stearic and oleic acids at 0.12, 
0.36, 0.75 or 1.80g/l.





Since intracellular lipid accum ulation occurred, some o f  the substrate fatty acids were 
not being metabolised for growth and energy needs o f  T. harzianum R ifai R P 1. A s 
w as noted in section 3.3 with the tallow  substrate, the yield  o f  biomass, without the 
stored lipid, m ay be different than total biom ass yields. Therefore, yield  coefficients 
at day 10 o f  fat free biom ass on m etabolised fatty acids ( Y xr/sm) were calculated 
(Table 25). The highest coefficient w as w ith 0.36g/l initial fatty acids, at 0.73. The 
coefficient at 0.12g/l was slightly low er at 0.62, w hile at higher concentrations o f  
0 .75g/1 and 1.80g/l, the coefficients were significantly lower. A t these concentrations, 
the coefficients were 0.14 and 0.07 respectively.
The yie ld  coefficients, Y(xf/Sm), were similar to Y(x/S) for 0.12 and 0.36g/l fatty acid 
substrate. H ow ever, Y (Xf/sm) w ere significantly lower than Y(x/S) at 0.75 and 1.80g/l. 
The higher concentrations o f  fatty acids resulted in higher accumulation o f  
intracellular lipid, and less production o f  fat-free biomass.
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Table 25: Y ield  coefficient, Y xf/Sm (yield o f  fat free biomass on m etabolised fatty 
acids), for T. harzianum R ifai RP1 grown on a mixture o f  palm itic, stearic and oleic 






m etabolised (sm) (g/1)
Y ie ld  coefficient
(Y  xf/sm)
0.12 0.038±0.008 0.061±0.005 0.62±0.13
0.36 0.064±0.012 0.088±0.011 0.73±0.16
0.75 0.029±0.019 0.207±0.029 0.14±0.09
1.80 0.023±0.025 0.304±0.065 0.07±0.08
3.4.2 The composition of extracellular lipid.
Since the substrate in these studies w as a mixture o f  free fatty acids, it would be 
expected that no glycerides would be detected in the extracellular medium. H owever, 
lipase can have reverse as w ell as forward activity, so analysis w as carried out to 
check for the presence o f  glycerides. It was found that the extracellular lipid 
com position w as entirely free fatty acids throughout incubation. N o mono-, di-, or 
triglycerides were detected at any stage.
3.4.2.1 The composition of extracellular free fatty acids
The com position o f  the extracellular free fatty acids w as studied to determine i f  
differences exist between the rem oval rates o f  the individual fatty acids present. In 
cultures w ith initial total fatty acid concentrations o f  0.12g/l, the concentrations o f  
each fatty acid dropped rapidly over the first 4 days o f  incubation (Figure 58). O leic 
acid dropped from 0.0304g/l on day 1 to a residual concentration on day 10 o f  
0.0002g/l. A  slight increase was noted in the concentration o f  stearic acid at the 
beginning o f  incubation. From an initial concentration o f  0.039g/l, it rose to 0.043g/l
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after 1 day, before dropping to a final concentration o f  0.0019g/l on day 10. The 
concentration o f  palm itic acid decreased after a lag o f  1 day to a residual 
concentration o f  0.0016g/l at the end o f  incubation. These concentration decreases 
represent greater than 80% rem oval o f  each fatty acid after 4 days. B y  the end o f  
incubation, the rem oval o f  oleic acid w as the highest, w ith 99%  removed, while 
stearic and palm itic acids had rem oval o f  95%  and 96%  respectively.
Specific rem oval rates w ere highest for oleic acid, at 0 .939gg'1d ay'1 (Table 26). 
Slightly low er rates w ere observed for palm itic and stearic acids, w hich had rates o f  
0.828 and 0 .714 g g '1day"1 respectively.
W hen the initial fatty acid concentration w as increased to 0.36g/l, a slightly different 
pattern o f  rem oval was observed. O leic acid decreased throughout incubation, but its 
concentration did not decrease as sharply as was seen w ith 0.12g/l (Figure 58). There 
w as a gradual drop until day 4, after w hich the rate o f  rem oval decreased, leaving a 
residual concentration o f  0.0064g/l on day 10. A gain  stearic acid showed a slight 
increase over the first day o f  incubation. It rose from 0.1223 to 0.1334g/l, before 
dropping during incubation to a final level o f  0.0443g/1. Palm itic acid dropped after a
1 day lag from 0 .11 00g/l to a concentration on day 10 o f  0.0414g/l. O leic acid was 
the only fatty acid to reach greater than 90% rem oval in this case. A fter 10 days o f  
incubation, 94%  o f  it had been rem oved (Figure 58). In the cases o f  palm itic and 
stearic acids, the percentage rem ovals w ere significantly lower. A fter 10 days, 63% 
and 64%  respectively w ere rem oved from the culture medium.
The specific rem oval rates w ere low er than those observed with 0.12g/l fatty acids. 
H ow ever, they were sim ilar for the three fatty acids (Table 26). The rate o f  rem oval 
for oleic acid w as 0.644gg"iday"1, w hile those o f  palm itic and stearic aid were 0.656 
and 0.653gg‘ 1d ay'1 respectively.
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A s  seen w ith 0.36g/l fatty acids, w hen 0.75g/l was added, there was a significant 
difference between the removal o f  the unsaturated oleic acid and the saturated fatty 
acids, stearic and palm itic acid. O leic acid dropped gradually throughout incubation 
from  0.219g/l to a final concentration o f  0.026g/l (Figure 58). Both saturated fatty 
acids showed a slight increase during the first day o f  incubation, palm itic acid 
increasing from 0.257 to 0.28lg/1, and stearic acid from 0.232 to 0.244g/l. Both then 
decreased in concentration gradually, palm itic acid dropping to 0 .13 lg/1, w hile stearic 
acid reached 0 .11 7 g/1. O leic acid reached the highest percentage rem oval, with 88% 
rem oved by the end o f  incubation. Palm itic and stearic acids were significantly lower 
in rem oval, only reaching 49%  and 50%  respectively.
S pecific rem oval rates were again lower than the previous concentrations. Again, 
there was not a significant difference noted between the different fatty acids (Table 
26). O leic had a rem oval rate o f  0 .249gg'1d ay'1, w hile those for palm itic and stearic 
acid w ere 0.171 and 0.207gg'1d ay'1 respectively.
A t the highest initial concentration o f  1.80g/l, a significant difference was again 
observed between the rem oval o f  the saturated and unsaturated fatty acids. O leic acid 
decreased from  0.545g/l at the beginning o f  incubation to a residual concentration o f  
0 .115 g/1 (Figure 58). Palm itic decreased after a 1 day lag from 0.647g/l to a final 
value o f  0.464g/l. A n  increase was again observed in stearic acid from 0.579g/l 
initially to 0.639g/l after 2 days, then dropping to 0.434g/l by the end o f  incubation. 
The percentage rem oval o f  saturated fatty acids was significantly low er than with the 
previous fatty acid concentrations. Palm itic and stearic acids only reached 28%  and 
2 5%  respectively after 10 days. H ow ever, oleic acid was rem oved at a higher rate, 
w ith 79%  being removed by the end o f  incubation.
A gain , the specific rem oval rates dropped as more fatty acid substrate was added. 
A lso , as previously, the rates observed were similar for the three fatty acids (Table
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26). Oleic acid was removed at 0.231 gg 'day ', while palmitic and stearic acid were 
removed at 0.148 and 0.171 gg 'day' 1 respectively.
It can be seen that as higher concentrations of fatty acids were added as substrate, the 
specific removal rates dropped. Also, RP1 assimilated the various latty acids at 
similar rates, but over the 1 0  days studied, the percentage removal of oleic acid was 
higher than for the saturated acids.
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Figure 58: Concentrations of extracellular fatty acids in cultures of T. harzianum 
Rifai RIM, with an initial total extracellular fatty acid concentration of (a) 0.l2g/l, (b) 
0.36g/l, (c) 0.75g/l or (d) 1,80g/l. Symbols: •  Palmitic acid; ■  Stearic acid; ▲ Oleic 
acid.
I3l
Table 26: Specific rem oval rate o f  fatty acids in cultures o f  T. harzianum R ifai RP1 
grow n on a mixture o f  palmitic, stearic and oleic acids, at 0.12, 0.36, 0.75 and 1 .80g/l 
total fatty acids.
Fatty acid Specific rem oval rate (gg"’ day" )
concentration (g/1) Palm itic acid Stearic acid O leic acid
0.12 0.828±0.037 0.714±0.030 0.939±0.027
0.36 0.656±0.031 0.653±0.021 0.644±0.049
0.75 0.171±0.008 0.207±0.031 0.249±0.057
1.80 0.148±0.006 0.171±0.008 0.231±0.008
3.4.3 Composition of intracelular lipid
The intracellular lipid w as produced from  the fatty acid substrates, w ith no glycerides 
present extracellularly. The com position o f  this lipid w as o f  interest to determine i f  
glyceride synthesis w as occurring in the biom ass o f  T. harzianum R ifai R P 1, and i f  
any differences were noted in the accumulation o f  particular fatty acids.
3.4.3.1 Intracelular glycerides and fre faty acids
The intracellular lipid w as analysed w ith respect to its glyceride composition, and 
w as found to consist o f  triglycerides and free fatty acids. N o diglycerides or 
m onoglycerides were detected (Table 27). After 10 days, the com position o f  the 
intracellular lipid was similar at the different fatty acid substrate concentrations.
Specific concentrations o f  intracellular free fatty acids increased in all cases from day
2 onwards (Figure 59). W ith 0.12g/l initial fatty acid substrate, it rose from a day 1 
level o f  0.001 lg g "1 to 0.0876gg’ ’ by day 10. A  similar pattern was observed with 
0.36g/l, rising from 0.001 lg g ’ 1 to 0.2105gg'* over the same period. W ith 0.75 and
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1.80g/l, these rises were from 0.0002gg'] in both cases to final levels o f  0.2882 and 
0 .4225gg'1 respectively.
Specific concentrations o f  intracellular triglycerides w ere significantly lower. With 
0.12g/l initial fatty acid, they rose from 0.0006gg_1 to a peak o f  0.0099gg_1 on day 7, 
finishing w ith 0.0049gg'' on day 10. A  day 7 peak was also observed with 0.36g/l, 
rising from 0.0002 to 0.0282gg'1, with a final value o f  0.0097gg"\ W ith 0.75 and 
1.80g/l, the specific concentration rose throughout the 10 days, from 0.0002 and 
0.0003gg'',to final values o f  0.0161 and 0.0437gg'1 respectively.
Table 27: Com position o f  intracellular lipid o f  T. harzianum R ifai R P1 follow ing 10 
days incubation w ith a mixture o f  palm itic, stearic and oleic acid at 0.12, 0.36, 0.75 
or 1 ,80g/l. (FFA s = Free Fatty A cids; N D  = not detected).
Fatty acid %  in intracellular lipid
concentration Triglycerides Diglycerides M onoglycerides FF A s
0.12g/l 5± 1.4% ND N D 95±1.9%
0.36g/l 4± 1.6% N D N D 96±2.6%
0.75 g/1 5± 1.5% N D N D 95± 1.5%
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F i g u r e  5 9 :  S p e c i f i c  c o n c e n t r a t i o n  o f  ( a )  i n t r a c e l l u l a r  f r e e  f a t t y  a c id s  a n d  ( b )  
i n t r a c e l l u l a r  t r i g l y c e r i d e s  i n  c u l t u r e s  o f  T . h a r z i a n u m  R i f a i  R P 1 ,  g r o w n  w i t h  a  
m i x t u r e  o f  p a l m i t i c ,  s t e a r ic  a n d  o l e i c  a c id s  a t  t o t a l  i n i t i a l  c o n c e n t r a t io n s  o f  •  0 . 1 2 g / l ,  
■  0 . 3 6 g / l ,  ▲  0 . 7 5 g / l  a n d  ▼  1 . 8 0 g / l .
3.4.3.2 Fatty acid composition of intracellular glycerides and free fatty acids
T h e  t r i g l y c e r i d e  a n d  f r e e  f a t t y  a c i d  f r a c t i o n s  w e r e  a n a ly s e d  t o  d e t e r m i n e  t h e i r  f a t t y  
a c id  c o m p o s i t i o n .  T h i s  w o u l d  d e t e r m i n e  i f  a c c u m u l a t i o n  o f  s p e c i f i c  f a t t y  a c id s  w a s  
o c c u r r i n g  i n  p r e f e r e n c e  t o  o t h e r s ,  o r  i f  a n y  f a t t y  a c id  w a s  m o r e  e a s i l y  m e t a b o l i s e d .  I t  
w o u l d  a ls o  g i v e  a n  i n d i c a t i o n  i f  p a r t i c u l a r  f a t t y  a c id s  w e r e  p r e f e r e n t i a l l y  i n c o r p o r a t e d  
i n t o  t h e  t r i g l y c e r i d e s .
S t e a r i c  a c i d  w a s  t h e  o n l y  f a t t y  a c i d  d e t e c t e d  i n  i n t r a c e l l u l a r  t r i g l y c e r i d e s  a t  a l l  
c o n c e n t r a t i o n s  ( T a b l e  2 8 ) .  H o w e v e r ,  i n  t h e  i n t r a c e l l u l a r  f r e e  f a t t y  a c id s ,  p a l m i t i c ,  
s t e a r ic  a n d  o l e i c  a c i d  w e r e  d e t e c t e d .  T h e i r  p r o p o r t i o n s  w e r e  s i m i l a r  a t  a l l  t h e  s u b s t r a te  
c o n c e n t r a t io n s .  O l e i c  a c i d  m a d e  u p  t h e  s m a l le s t  p r o p o r t i o n ,  a t  1 9 % ,  1 6 % ,  2 0 %  a n d  
2 3 %  w i t h  0 . 1 2 ,  0 . 3 6 ,  0 . 7 5  a n d  1 . 8 0 g / l  f a t t y  a c id  s u b s t r a t e  r e s p e c t i v e l y .  H i g h e r  
p r o p o r t i o n s  w e r e  s e e n  f o r  p a l m i t i c  a c id ,  m a k i n g  u p  3 8 % ,  3 6 % ,  3 6 %  a n d  3 6 %
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r e s p e c t i v e l y .  T h e  h i g h e s t  p e r c e n t a g e s  w e r e  o f  s t e a r ic  a c id ,  a c c o u n t i n g  f o r  4 4 % ,  4 8 % ,  
4 4 %  a n d  4 0 %  r e s p e c t i v e l y .  I n  t o t a l  i n  t h e  i n t r a c e l l u l a r  l i p i d ,  s t e a r ic  a c id  w a s  
a c c u m u l a t e d  t o  t h e  g r e a t e s t  d e g r e e .  I t  a c c o u n t e d  f o r  4 6 % ,  5 0 % ,  4 7 %  a n d  4 6 %  o f  t o t a l  
i n t r a c e l l u l a r  f a t t y  a c id s .  P a l m i t i c  a c i d  w a s  a t  l o w e r  l e v e l s  o f  3 5 % ,  3 5 % ,  3 5 %  a n d  3 3 %  
r e s p e c t i v e l y .  O l e i c  a c i d  m a d e  u p  o n l y  1 8 % ,  1 5 % ,  1 9 %  a n d  2 1 %  r e s p e c t i v e l y  o f  t h e  
i n t r a c e l l u l a r  l i p i d s .
W h e n  g r o w n  o n  a  m i x t u r e  o f  p a l m i t i c ,  s t e a r ic  a n d  o l e i c  a c id s ,  R P 1  a c c u m u l a t e d  
s t e a r ic  a c i d  i n t r a c e l l u l a r l y  t o  a  h i g h e r  d e g r e e  t h a n  b o t h  p a l m i t i c  o r  o l e i c  a c id s .  O l e i c  
a c i d  w a s  t h e  l e a s t  a c c u m u l a t e d ,  b e i n g  m o r e  r e a d i l y  m e t a b o l i s e d  t h a n  e i t h e r  o f  t h e  
s a t u r a t e d  f a t t y  a c id s .
T a b l e  2 8 :  F a t t y  a c id  c o m p o s i t i o n  o f  i n t r a c e l l u l a r  f r e e  f a t t y  a c id s ,  t r i g l y c e r i d e s  a n d  
t o t a l  i n t r a c e l l u l a r  l i p i d  o f  T .  h a r z i a n u m  R i f a i  R P 1  g r o w n  o n  0 . 1 2 ,  0 . 3 6 ,  0 . 7 5  o r  
1 . 8 0 g / l  o f  a  m i x t u r e  o f  p a l m i t i c ,  s t e a r ic  a n d  o l e i c  a c id s .  ( F F A  =  F r e e  F a t t y  A c i d s ,  T G  
=  T r i g l y c e r i d e s ,  T o t  =  T o t a l  i n t r a c e l l u l a r  l i p i d )
S u b s t r a t e  c o n c e n t r a t i o n %  p a l m i t i c  a c id %  s t e a r ic  a c id %  o l e i c  a c id




3 8 ± 3 . 2 %
N D
3 5 ± 3 . 0 %
4 4 ± 2 . 9 %
1 0 0 %
4 6 ± 3 . 2 %
1 9 ± 2 . 9 %
N D
1 8 ± 2 . 6 %




3 6 ± 3 . 2 %
N D
3 5 ± 3 . 1 %
4 8 ± 2 . 9 %
1 0 0 %
5 0 ± 3 . 2 %
1 6 ± 2 . 8 %
N D
1 5 ± 2 . 7 %




3 6 ± 5 . 2 %
N D
3 5 ± 4 . 9 %
4 4 ± 5 . 6 %
1 0 0 %
4 7 ± 5 . 5 %
2 0 ± 3 . 7 %
N D
1 9 ± 3 . 5 %




3 6 ± 3 . 9 %
N D
3 3 ± 3 . 6 %
4 0 ± 1 . 8 %  
1 0 0 %  
4 6 ± 1 . 7 %
2 3 ± 3 . 5 %
N D
2 1 ± 3 . 2 %
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4. D is c u s s io n
I n  a  b i o r e a c t o r  c a p a b le  o f  r e m o v i n g  f a t  f r o m  a  w a s t e  s t r e a m ,  t h e  o r g a n is m s  p r e s e n t  
m u s t  b e  c a p a b le  o f  h y d r o l y s i n g  t h e  l i p i d  t r i g l y c e r i d e s  a n d  a s s i m i l a t i n g  t h e  r e le a s e d  
f a t t y  a c id s .  T h e  a s s i m i l a t e d  f a t t y  a c id s  s h o u ld  t h e n  b e  p r e f e r a b l y  o x i d i s e d  t o  T C A  
c y c l e  i n t e r m e d i a t e s ,  a n d  n o t  s t o r e d  a s  i n t r a c e l l u l a r  l i p i d  i n  t h e  b i o m a s s .  S t o r a g e  o f  
i n t r a c e l l u l a r  l i p i d  c a n  r e s u l t  i n  a  h i g h  f a t  c o n t e n t  s lu d g e  w h i c h  c o u l d  p r e s e n t  
s u b s e q u e n t  d i s p o s a l  p r o b le m s .
T h e  f i n d i n g  o f  s u i t a b le  o r g a n is m s  i n v o l v e s  t h e  c h o o s in g  o f  s o u r c e s  w i t h  a  h i g h  
p r o b a b i l i t y  o f  c o n t a i n i n g  s u c h  s p e c ie s ,  a n d  t h e  s e le c t i v e  i s o l a t i o n  o f  p o t e n t i a l  
m i c r o b e s  f r o m  t h o s e  s o u r c e s .  A c t i v a t e d  s lu d g e  a n d  w a s t e w a t e r  f r o m  a  r e n d e r i n g  
o p e r a t i o n  w e r e  c h o s e n  a s  g o o d  p o t e n t i a l  s o u r c e s  o f  f a t - d e g r a d i n g  o r g a n is m s .  T h e  
w a s t e w a t e r  f r o m  t h e  p r o d u c t i o n  o f  t a l l o w  a n d  b o n e m e a l  c o n t a in s  h i g h  l e v e l s  o f  
t a l l o w ,  w h i c h  c o u l d  p r o m o t e  t h e  g r o w t h  o f  t a l l o w  u t i l i s e r s  i n  t h e  w a s t e  t r e a t m e n t  
s y s t e m .  A l t h o u g h  t h e  w a s t e w a t e r  w a s  t r e a t e d  b y  a  D i s s o l v e d  A i r  F l o t a t i o n  s o l id s  
r e m o v a l  s y s t e m ,  s i g n i f i c a n t  a m o u n t s  o f  s o l i d  f a t  w e r e  o b s e r v e d  e n t e r i n g  t h e  a c t i v a t e d  
s lu d g e  s t a g e  o f  t r e a t m e n t .  T h e r e f o r e  i t  w a s  l i k e l y  t h a t  a  p o p u l a t i o n  o f  m i c r o o r g a n i s m s  
w o u l d  h a v e  b e e n  p r e s e n t  w h i c h  c o u l d  m e t a b o l i s e  h a r d  f a t s .  T a l l o w  i t s e l f  c o u l d  a ls o  
b e  a  s o u r c e  o f  l i p i d - d e g r a d e r s .  I t s  e n d o g e n o u s  m i c r o b i a l  p o p u l a t i o n  m i g h t  in c l u d e  
o r g a n is m s  w h i c h  r e l y  o n  t a l l o w  a s  t h e i r  s o le  s o u r c e  o f  c a r b o n  a n d  e n e r g y .
T h e  i s o l a t i o n  o f  f a t  d e g r a d e r s  f r o m  a  r e n d e r i n g  f a c t o r y  w a s t e w a t e r  t r e a t m e n t  p l a n t ,  
f o r  u s e  i n  a  b i o r e a c t o r ,  h a d  n o t  p r e v i o u s l y  b e e n  r e p o r t e d  i n  t h e  l i t e r a t u r e .  T h e r e f o r e ,  i t  
w a s  a  n o v e l  s o u r c e  f o r  s t u d y .  W a s t e w a t e r  t r e a t m e n t  p l a n t s  f r o m  r e l a t e d  in d u s t r ie s  
h a v e  y i e l d e d  l i p o l y t i c  o r g a n is m s .  T h e s e  p l a n t s  w e r e  a l l  l i k e l y  t o  h a v e  r e c e i v e d  l i p i d  
w a s t e .  S h i k o k u - C h e m  ( 1 9 9 4 )  i s o l a t e d  a  P s e u d o m o n a s  s p e c ie s  a n d  a n  A c i n e t o b a c t e r  
s p e c ie s  c a p a b l e  o f  d e g r a d i n g  f a t  f r o m  a c t i v a t e d  s lu d g e  f r o m  a  f o o d  f a c t o r y .  O k u d a  e t  
a l .  ( 1 9 9 1 )  r e p o r t e d  t h e  i s o l a t i o n  o f  s e v e r a l  l i p i d  d e g r a d i n g  B a c i l l u s  s p e c ie s  f r o m  
w a s t e w a t e r  t r e a t m e n t  s y s t e m s  o f  m e a t  p r o c e s s in g  p la n t s .  S lu d g e s  f r o m  v a r i o u s  f o o d
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f a c t o r i e s  w e r e  u s e d  t o  i s o la t e  C a n d i d a  y e a s t s  b y  C h i g u s a  e t  a l .  ( 1 9 9 6 ) .  R e s t a u r a n t  
g r e a s e  t r a p s  h a v e  y i e l d e d  m i x e d  m i c r o b i a l  c o m m u n i t i e s  c a p a b le  o f  l i p i d  u t i l i s a t i o n  
( W a k e l i n  a n d  F o r s t e r ,  1 9 9 8 ,  T a n o - D e b r a h  e t  a l . ,  1 9 9 9 ) ,  b o t h  s t u d ie s  i n c o r p o r a t i n g  t h e  
is o la t e s  i n t o  b i o r e a c t o r s  f o r  g r e a s e  r e m o v a l .  A  s t r a i n  o f  T o r u l o p s i s  C a n d i d a  w a s  
r e c o v e r e d  f r o m  s o i l  b y  K o h  e t  a l .  ( 1 9 8 3 ) .  T h i s  y e a s t  w a s  c a p a b le  o f  e f f e c t i v e l y  
a s s i m i l a t i n g  p a l m  o i l .  M o s t  o t h e r  s t u d ie s  o n  f a t  b i o d é g r a d a t i o n ,  h o w e v e r ,  u t i l i s e d  
m i c r o o r g a n i s m s  f r o m  c u l t u r e  c o l l e c t i o n s ,  f r e q u e n t l y  b a s in g  s e l e c t i o n  o n  l i p o l y t i c  
a c t i v i t y  ( e g .  B e d n a r s k i  e t  a l . ,  1 9 9 3 ,  K a j s  a n d  V a n d e r z a n t ,  1 9 8 1 ,  K o r i t a l a  e t  a l ,  1 9 8 7 ,  
T a n  a n d  G i l l ,  1 9 8 4 ,  1 9 8 5  &  1 9 8 7 ) .
E n r i c h m e n t  c u l t u r e s  a r e  u s e d  t o  i s o la t e  m i c r o o r g a n i s m s  w i t h  s p e c i f i c  c h a r a c t e r is t ic s  
f r o m  m i x e d  c u l t u r e s ,  w h e r e  t h e i r  p o p u l a t i o n s  m a y  b e  l o w .  I n  a n  e n r i c h m e n t  c u l t u r e ,  
t h e  e n v i r o n m e n t a l  c o n d i t io n s  a r e  a l t e r e d  t o  in c r e a s e  t h e  p o p u l a t i o n  s i z e  o f  o r g a n is m s  
o f  in t e r e s t .  T h e  c o n d i t i o n s  m a n i p u l a t e d  m a y  i n c l u d e  t h e  u s e  o f  s e le c t i v e  s u b s t r a t e s  o r  
i n h i b i t o r s ,  a n d  t h e  c h e m i c a l  c o m p o s i t i o n  o f  t h e  m e d i u m .  T h e  s u b s t r a t e s  a r e  u s e d  a t  
h i g h  c o n c e n t r a t io n s ,  t o  in d u c e  e n h a n c e d  g r o w t h  o f  t h e  p o p u l a t i o n s  o f  m ic r o o r g a n i s m s  
w h i c h  r e a d i l y  u t i l i s e  t h e m  ( B r o w n  e t  a l . ,  1 9 7 8 ) .
I n  t h e  p r e s e n t  s t u d y ,  t a l l o w  w a s  u s e d  a s  t h e  c a r b o n  s o u r c e  i n  t h e  e n r i c h m e n t  c u l t u r e ,  
p r o m o t i n g  t h e  g r o w t h  a n d  s u r v i v a l  o f  l i p i d  m e t a b o l i s i n g  m i c r o o r g a n i s m s .  V a r i o u s  
c o n c e n t r a t i o n s  o f  l i p i d s  h a d  b e e n  u s e d  i n  p u b l i s h e d  l i t e r a t u r e  f o r  i s o l a t i o n  a n d  g r o w t h  
s t u d ie s .  T a n  a n d  G i l l  ( 1 9 8 5  a n d  1 9 8 7 )  u s e d  t a l l o w  c o n c e n t r a t io n s  i n  t h e  r a n g e  1 t o  
8 g / l  i n  t h e i r  s e r ie s  o f  e x p e r im e n t s .  A  c o n c e n t r a t i o n  o f  1 0 g / l  o f  o l i v e  o i l  w a s  u s e d  b y  
O k u d a  e t  a l .  ( 1 9 9 1 )  f o r  i s o l a t i o n  o f  l i p o l y t i c  b a c t e r i a ,  w h i l e  K a j s  a n d  V a n d e r z a n t  
( 1 9 8 1 )  u s e d  1 0 g / l  t a l l o w  i n  t h e i r  s t u d y  w i t h  y e a s ts .  K o h  e t  a l .  ( 1 9 8 3 )  u s e d  2 0 g / l  p a l m  
o i l  d u r i n g  s c r e e n in g  o f  y e a s ts  f o r  g r o w t h  o n  t h e  o i l .  B e d n a r s k i  e t  a l .  ( 1 9 9 3 )  s t u d i e d  
t h e  g r o w t h  o f  f i l a m e n t o u s  f u n g i  o n  3 0 g / l  t a l l o w  a n d  p o u l t r y  f a t .  A  c o n c e n t r a t i o n  o f  
2 0 g / l  w a s  c h o s e n  a s  a  s u f f i c i e n t l y  h i g h  c o n c e n t r a t i o n  o f  t a l l o w  f o r  e n r i c h m e n t  i n  t h e  
p r e s e n t  w o r k .  T h e  m i n i m a l  m e d i u m  c h o s e n  w a s  b a s e d  o n  t h a t  d e s c r ib e d  b y  S h i k o k u -
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C h e m  ( 1 9 9 4 ) .  T h i s  m e d i u m  h a d  p r e v i o u s l y  b e e n  s u c c e s s f u l l y  u s e d  f o r  t h e  g r o w t h  o f  
l i p o l y t i c  o r g a n is m s  i s o la t e d  f r o m  a  f o o d - f a c t o r y  w a s t e w a t e r  t r e a t m e n t  p l a n t .
A s  t h e  w a s t e w a t e r  a n d  a c t i v a t e d  s lu d g e  w e r e  f r o m  a  s y s t e m  r e c e i v i n g  m u l t i p l e  w a s t e  
s t r e a m s ,  i t  w a s  l i k e l y  t h a t  o t h e r  c a r b o n  s o u r c e s  w e r e  a ls o  p r e s e n t  i n  l o w e r  
c o n c e n t r a t io n s .  A l t h o u g h  t a l l o w  w a s  t h e  m a i n  c a r b o n  s o u r c e ,  t h e  o t h e r  c a r b o n  
c o m p o u n d s  m a y  h a v e  b e e n  a c t in g  a s  s u b s t r a t e s  f o r  s p e c ie s  n o t  c a p a b l e  o f  g r o w t h  o n  
l i p i d .  T h e r e f o r e ,  i n  o r d e r  t o  s e le c t  f o r  l i p i d  u t i l i s e r s  a m o n g  t h e  p o p u l a t i o n ,  o l i v e  o i l  
a g a r  w a s  u s e d  a s  t h e  i s o l a t i o n  m e d i u m  o n  d a y s  3  a n d  1 5 .  I n  t h e  l a t e r  s ta g e s  o f  
i n c u b a t i o n ,  t h e  m a i n  p o p u l a t i o n s  w e r e  m o s t  l i k e l y  t h o s e  c a p a b le  o f  l i v i n g  o r  
s u s t a in in g  t h e m s e lv e s  o n  t h e  l i p i d  s u b s t r a t e ,  a s  t h e  t r a c e  a m o u n t s  o f  c a r b o n  a d d e d  i n  
t h e  i n o c u l a  w o u l d  h a v e  b e e n  e x h a u s t e d ,  a n d  t a l l o w  w o u l d  h a v e  b e e n  t h e  c a r b o n  
s o u r c e .  T h e r e f o r e ,  o n  d a y  2 1 ,  t h e  i s o l a t i o n  m e d i u m  w a s  n u t r i e n t  a g a r ,  w h i c h  a l l o w e d  
t h e  r e c o v e r y  o f  s l o w e r - g r o w i n g  o r g a n is m s  w h i c h  w e r e  p o t e n t i a l  t a l l o w  u t i l i s e r s .
A l t h o u g h  t h e  b e h a v i o u r  o f  t h e  e n r i c h m e n t  c u l t u r e s  w a s  n o t  e x t e n s i v e l y  s t u d i e d ,  i t  w a s  
n o t e d  t h a t  t h e  p H  d r o p p e d ,  a c c o m p a n i e d  b y  a n  in c r e a s e  i n  b i o m a s s .  T h i s  p H  d r o p  
m a y  h a v e  i m p l i c a t i o n s  f o r  t h e  s p e c ie s  s u r v i v i n g  d u r i n g  t h e  l a t e r  s ta g e s  o f  e n r i c h m e n t  
c u l t u r e .  I t  is  l i k e l y  t h a t  t h e  m a i n  is o la t e s  f r o m  d a y s  1 5  a n d  2 1  w e r e  t h o s e  c a p a b le  o f  
t o l e r a t i n g  a c i d i c  c o n d i t io n s .  I n  a  s t u d y  b y  W a k e l i n  a n d  F o r s t e r  ( 1 9 9 8 ) ,  a  s i g n i f i c a n t  
p H  d r o p  w a s  a ls o  o b s e r v e d ,  p r o d u c i n g  a  h i g h  a c i d i t y  e f f l u e n t  f r o m  f e d - b a t c h  c u l t u r e s .  
T h e  s u b s t r a t e  i n  t h e i r  s t u d y  w a s  r e s t a u r a n t  g r e a s e ,  w h i c h  is  m a i n l y  c o m p o s e d  o f  
t r i g l y c e r i d e  l i p i d s .
T h e  a c c u r a c y  o f  o p t i c a l  d e n s i t y  m e a s u r e m e n t s  d e p e n d s  o n  t h e  n a t u r e  o f  t h e  m i c r o b i a l  
g r o w t h  a n d  o n  in t e r f e r e n c e s  f r o m  m e d i u m  c o m p o n e n t s .  I n  t h e  e n r i c h m e n t  c u l t u r e s ,  
a g g r e g a t i o n  o f  t h e  m i c r o o r g a n i s m s  c o u l d  h a v e  c a u s e d  e r r o r s  i n  t h e  O D  
m e a s u r e m e n t s .  A l s o ,  s m a l l  a m o u n t s  o f  d i s p e r s e d  l i p i d  c a u s e d  s l i g h t  c l o u d i n g  i n  s o m e  
o f  t h e  c u l t u r e s .  H o w e v e r ,  O D  m e a s u r e m e n t  d i d  g i v e  a n  i n d i c a t i o n  o f  b i o m a s s  
p r o d u c t i o n .  I n  s h a k in g  c u l t u r e s ,  i n o c u l a t e d  w i t h  a c t i v a t e d  s lu d g e ,  m o r e  b i o m a s s
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p r o d u c t i o n  w a s  o b s e r v e d  a t  a m b i e n t  t e m p e r a t u r e  t h a n  a t  3 0 ° C .  U n d e r  a e r o b ic  
c o n d i t i o n s ,  t h e  p r e d o m i n a n t  m i c r o b i a l  p o p u l a t i o n s  m a y  h a v e  h a d  a n  o p t i m u m  g r o w t h  
t e m p e r a t u r e  o f  le s s  t h a n  3 0 ° C .  T h i s  p h e n o m e n o n  w a s  s e e n  i n  b o t h  t h e  l a b o r a t o r y  a n d  
t r e a t m e n t  p l a n t  s i t u a t io n .  I n  t h e  w a s t e w a t e r  t r e a t m e n t  p l a n t  f r o m  w h i c h  t h e y  w e r e  
i s o l a t e d ,  i t  w a s  o b s e r v e d  t h a t  t h e  e f f i c i e n c y  o f  t h e  s y s t e m  d e c r e a s e d  s i g n i f i c a n t l y  a t  
t e m p e r a t u r e s  o f  2 8 - 3 0 ° C .
T h e  p r o d u c t i o n  o f  b i o m a s s  a n d  t h e  d r o p  i n  p H  w e r e  le s s  m a r k e d  i n  c u l t u r e s  w i t h  
t a l l o w  s e r v i n g  a s  t h e  o n l y  s o u r c e  o f  m i c r o o r g a n i s m s ,  t h a n  i n  a c t i v a t e d  s lu d g e  o r  
w a s t e w a t e r  i n o c u l a t e d  c u l t u r e s .  T h e  m i c r o b i a l  p o p u l a t i o n s  w e r e  m u c h  g r e a t e r  i n i t i a l l y  
i n  i n o c u l a t e d  c u l t u r e s .  W i t h  t a l l o w  o n l y ,  t h e  l o w  p o p u la t io n s  o f  o r g a n is m s  o n  t h e  
t a l l o w  w o u l d  h a v e  d e p e n d e d  o n  i t  a s  a  c a r b o n  a n d  e n e r g y  s o u r c e .  T a l l o w  is  a  v e r y  
c h a l l e n g i n g  s u b s t r a t e ,  a n d  t h e  s m a l l e r  i n i t i a l  p o p u l a t i o n s  w o u l d  h a v e  r e s u l t e d  i n  le s s  
b i o m a s s  p r o d u c t i o n .
A  w i d e  r a n g e  o f  b o t h  f i l a m e n t o u s  a n d  n o n - f i l a m e n t o u s  o r g a n is m s  w e r e  i s o l a t e d  f r o m  
t h e  e n r i c h m e n t  c u l t u r e s .  A c t i v a t e d  s lu d g e  is  a  r i c h  s o u r c e  o f  m i c r o o r g a n i s m s  
c o n t a i n i n g  b a c t e r i a ,  y e a s t s  a n d  f i l a m e n t o u s  f u n g i  a m o n g  o t h e r s ,  d e p e n d i n g  o n  t h e  
w a s t e  s t r e a m  c h a r a c t e r is t i c s .  I n  a l l ,  2 2  n o n - f i l a m e n t o u s  a n d  5 f i l a m e n t o u s  is o la t e s  
w e r e  r e c o v e r e d  f r o m  t h e  a c t i v a t e d  s lu d g e  f r o m  t h e  r e n d e r i n g  p l a n t .  W a s t e w a t e r  
y i e l d e d  a  s l i g h t l y  l o w e r  n u m b e r  o f  s t r a i n s ,  w i t h  1 5  n o n - f i l a m e n t o u s  s p e c ie s  a n d  6  
f i l a m e n t o u s  f u n g i  is o la t e d .  A c t i v a t e d  s lu d g e ,  b e i n g  a  m i x e d  m i c r o b i a l  c u l t u r e  i t s e l f ,  
w o u l d  b e  e x p e c t e d  t o  y i e l d  a  h i g h e r  n u m b e r  o f  l i p i d  d e g r a d e r s .  F i l a m e n t o u s  f u n g i  
w e r e  n o t  i s o l a t e d  f r o m  n o n - s h a k i n g  c u l t u r e s  d u r i n g  e n r i c h m e n t .  T h i s  s u g g e s t e d  t h a t  
t h e y  w e r e  h i g h l y  a e r o b i c  i n  n a t u r e ,  a n d  w e r e  n o t  s u s t a in e d  w i t h  t h e  l o w e r  l e v e l s  o f  
o x y g e n a t i o n  p r e s e n t  i n  s t a t io n a r y  f la s k s .
E n r i c h m e n t  c u l t u r e s  w i t h  t a l l o w  a s  t h e  o n l y  s o u r c e  o f  m i c r o o r g a n i s m s  y i e l d e d  le s s  
o r g a n is m s  t h a n  i n o c u l a t e d  c u l t u r e s ,  y i e l d i n g  o n l y  1 3  n o n - f i l a m e n t o u s  s t r a in s .  T h e s e  
s t r a in s  w e r e  i s o l a t e d  s i n g l y  i n  m o s t  c a s e s . S o m e  h a d  s i m i l a r  m o r p h o l o g i c a l
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c h a r a c t e r is t i c s ,  a n d  s o m e  w e r e  s h o w n  i n  t h e  l a b o r a t o r y  t o  b e  t h e  s a m e  s p e c ie s .  T h e r e  
w a s  g r e a t e r  m o r p h o l o g i c a l  d i v e r s i t y  i n  w a s t e w a t e r  a n d  a c t i v a t e d  s lu d g e  i n o c u l a t e d  
e n r i c h m e n t  c u l t u r e s ,  i n d i c a t i n g  a  g r e a t e r  r a n g e  o f  m i c r o b i o l o g i c a l  s p e c ie s .
D u r i n g  t h e  p r o d u c t i o n  o f  t a l l o w ,  t h e  r e n d e r i n g  p r o c e s s  o p e r a t e d  a t  t e m p e r a t u r e s  
w h i c h  k i l l s  a l l  p o t e n t i a l  p a t h o g e n s ,  s o  t h e  r e s u l t i n g  t a l l o w  w a s  s t e r i l e .  T h e  o r g a n is m s  
i s o l a t e d  f r o m  t a l l o w  w e r e  t h e r e f o r e  f r o m  e n v i r o n m e n t a l  s o u r c e s .  T h e s e  p o s s i b le  
s o u r c e s  w o u l d  h a v e  b e e n  d u r i n g  h a n d l i n g  o r  s t o r a g e  o f  t h e  t a l l o w .  N o  f u n g i  w e r e  
i s o l a t e d  f r o m  i t ,  i n d i c a t i n g  t h a t  t h e  e n v i r o n m e n t a l  c o n d i t io n s  w e r e  n o t  s u i t a b le  f o r  
g r o w t h  o f  l i p i d  u t i l i s i n g  f u n g i .  I t  m a y  a ls o  b e  t h e  c a s e  t h a t  t h e  l o w  w a t e r  e n v i r o n m e n t  
o f  p u r e  t a l l o w  w a s  s u i t a b le  o n l y  f o r  a  l i m i t e d  n u m b e r  o f  s p e c ie s .  T h e  s t u d y  b y  
S h a b t a i  ( 1 9 9 1 )  d e s c r ib e d  a  s p e c ie s  s u r v i v i n g  u n d e r  s u c h  c o n d i t io n s .  A  s t r a i n  o f  
P s e u d o m o n a s  a e r u g i n o s a  c a p a b le  o f  s u r v i v i n g  i n  s u c h  a n  e n v i r o n m e n t  w a s  s t u d ie d .  
A l t h o u g h  t h e  o r g a n i s m  d i d  n o t  g r o w  e f f i c i e n t l y ,  i t  h a d  a n  8 5 %  s u r v i v a l  r a t e  i n  a  9 9 %  
t r i g l y c e r i d e  c u l t u r e .  S u c h  o r g a n is m s  m a y  s u r v i v e  i n  t h e  l o w  w a t e r  e n v i r o n m e n t  u n t i l  
c o n d i t i o n s  a r e  s u i t a b l e  f o r  g r o w t h ,  a s  i n  t h e  e n r i c h m e n t  c u l t u r e s .
S c r e e n i n g  o f  t h e  i s o la t e s  i n  p u r e  c u l t u r e  f o u n d  t h a t  m o s t  o f  t h e  o r g a n is m s  r e m o v i n g  
g r e a t e r  t h a n  2 0 %  o f  t h e  a d d e d  t a l l o w  w e r e  i s o l a t e d  f r o m  a c t i v a t e d  s lu d g e ,  w i t h  f o u r  
n o n - f i l a m e n t o u s  a n d  t w o  f i l a m e n t o u s  s t r a in s .  T h e  t w o  f i l a m e n t o u s  o r g a n is m s  w e r e  
a ls o  f o u n d  i n  w a s t e w a t e r ,  w h i c h  a ls o  y i e l d e d  t w o  n o n - f i l a m e n t o u s  s p e c ie s .  O f  t h e  
i s o la t e s  o b t a i n e d  f r o m  t a l l o w ,  o n l y  o n e ,  N F 2 3 ,  w a s  c a p a b le  o f  r e m o v i n g  m o r e  t h a n  
2 0 % .  T h e  s o u r c e s  w i t h  t h e  g r e a t e r  m i c r o b i a l  d i v e r s i t y  y i e l d e d  m o r e  o r g a n is m s  w i t h  
h i g h e r  a b i l i t y  t o  r e m o v e  t a l l o w .
O n e  o f  t h e  s t r a in s ,  t h e  f i l a m e n t o u s  f u n g u s  F 2 ,  r e m o v e d  t h e  h i g h e s t  a m o u n t  o f  t a l l o w  
i n  p u r e  b a t c h  c u l t u r e s ,  a n d  t h e r e f o r e  w a s  s e le c t e d  f o r  f u r t h e r  s t u d y .  T h e  s t u d y  o f  a  
p u r e  c u l t u r e ,  a s  o p p o s e d  t o  a  m i x e d  c u l t u r e ,  w o u l d  a l l o w  a  m o r e  a c c u r a t e  
u n d e r s t a n d i n g  o f  t h e  b r e a k d o w n  p a t h w a y s  a n d  t h e  e f f e c t  o f  e n v i r o n m e n t a l  c o n d i t io n s  
o n  t h i s  b r e a k d o w n .  I n  m i x e d  c u l t u r e s ,  i n t e r a c t i o n s  b e t w e e n  s p e c ie s  a n d  p o t e n t i a l
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s h i f t s  i n  t h e  p o p u l a t i o n  d i s t r i b u t i o n  o f  s p e c ie s  w o u l d  in t r o d u c e  v a r i a b i l i t y  i n  t h e  
s y s t e m s .
F i l a m e n t o u s  f u n g i  a r e  w e l l  k n o w n  f o r  t h e i r  a b i l i t y  t o  s e c r e t e  e x t r a c e l l u l a r  e n z y m e s  
( B e n n e t t  a n d  F a i s o n ,  1 9 9 7 ) ,  w h i c h  w o u l d  b e  p a r t i c u l a r l y  s u i t e d  t o  a  s o l i d  s u b s t r a t e  
s u c h  a s  t a l l o w .  T h e  e n z y m e s  b r e a k  d o w n  p o t e n t i a l  e n e r g y  s o u r c e s  w h i c h  a r e  t h e n  
a b s o r b e d  i n t o  t h e  f u n g a l  b i o m a s s .  B e d n a r s k i  et. a l .  ( 1 9 9 3 )  s t u d i e d  t h e  g r o w t h  o f  t h r e e  
f i l a m e n t o u s  f u n g i ,  A s p e r g i l l u s  n i g e r ,  G e o t r i c h u m  c a n d i d u m  a n d  M u c o r  m e i h e i ,  o n  
t a l l o w  a n d  p o u l t r y  f a t .  T h e y  f o u n d  t h a t  t h e s e  f a t s  c a n  b e  d i g e s t e d  t o  v a r y i n g  d e g r e e s  
b y  t h e  s p e c ie s  s t u d i e d ,  a n d  s u g g e s t e d  t h a t  f i l a m e n t o u s  f u n g i  m a y  b e  p o t e n t i a l l y  u s e d  
f o r  f a t  b i o d é g r a d a t i o n  i n  w a s t e  t r e a t m e n t .  A l s o ,  a s  t h e  m a j o r i t y  o f  p r e v io u s  p u b l i s h e d  
w o r k s  o n  f a t  u t i l i s a t i o n  b y  m ic r o o r g a n i s m s  w e r e  c a r r i e d  o u t  o n  y e a s ts  a n d  b a c t e r i a ,  a  
f i l a m e n t o u s  f u n g u s  p r e s e n t e d  a  n o v e l  s u b je c t  f o r  t h e  p r e s e n t  i n v e s t i g a t i o n .
T h e  h y p h a e  a n d  r e p r o d u c t i v e  s t r u c t u r e s  o f  F 2  w e r e  e x a m i n e d  a n d  t h e i r  c h a r a c t e r is t ic s  
w e r e  n o t e d .  U s i n g  t h is  i n f o r m a t i o n  a n d  i d e n t i f i c a t i o n  k e y s ,  i t  w a s  d e t e r m i n e d  t h a t  F 2  
w a s  T r i c h o d e r m a  h a r z i a n u m  R i f a i ,  a n d  w a s  d e s ig n a t e d  R P 1  a s  i t  w a s  i s o la t e d  f r o m  a  
r e n d e r i n g  p l a n t  w a s t e  t r e a t m e n t  s y s t e m .  T h e  i d e n t i t y  w a s  d e t e r m i n e d  i n  s e v e r a l  
s t a g e s ,  b a s e d  o n  k e y s  b y  O n i o n s  e t  a l .  ( 1 9 8 6 )  a n d  B a r n e t t  a n d  H u n t e r  ( 1 9 7 2 ) .  S t a r t i n g  
w i t h  t h e  h y p h a e ,  i t  w a s  n o t e d  t h a t  t h e y  w e r e  s e p t a t e ,  s o  R P 1  b e l o n g e d  t o  th e  
A s c o m y c e t e s ,  B a s i d i o m y c e t e s  o r  D e u t e r o m y c e t e s  ( O n i o n s  e t  a l ,  1 9 8 6 ) .  I t  w a s  
n e c e s s a r y  t h e n  t o  e x a m i n e  t h e  r e p r o d u c t i v e  s t r u c t u r e s  f o r  f u r t h e r  i d e n t i f i c a t i o n .  
H o w e v e r ,  W h e n  T .  h a r z i a n u m  R i f a i  R P 1  w a s  g r o w n  o n  m a l t  e x t r a c t  a g a r ,  i t  w a s  
n o t e d  t h a t  a l t h o u g h  m y c e l i a l  g r o w t h  w a s  r a p i d ,  s p o r u l a t i o n  w a s  w e a k .  S p o r u l a t i o n  i n  
T r i c h o d e r m a  f u n g i  is  s e n s i t i v e  t o  l i g h t  ( B e t i n a  a n d  F a r k a s ,  1 9 9 8 ,  G r e s s e l  a n d  
H a r t m a n n ,  1 9 6 8 ,  G u p t a  e t  a l . ,  1 9 9 7 )  a n d  s t a r v a t i o n  o f  t h e  o r g a n i s m  ( B e t i n a  a n d  
F a r k a s ,  1 9 9 8 ) .  S p o r u l a t i o n  b y  R P 1  o n  m a l t  e x t r a c t  a g a r  w a s  f o u n d  o n l y  a f t e r  
i n c u b a t i o n  u n d e r  d a y l i g h t  a t  a m b i e n t  t e m p e r a t u r e  a f t e r  2 1  d a y s .  T h i s  w a s ,  h o w e v e r ,  
l i m i t e d  in  a r e a .  I t  w a s  a ls o  n o t e d  b y  t h e  D S M Z  t h a t  s p o r u l a t i o n  w a s  i n d u c e d  w h e n  
R P 1  w a s  g r o w n  o n  w o o d  c h ip s  u n d e r  l i g h t .  A l t h o u g h  t h e  o r g a n i s m  s u c c e s s f u l l y
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p r o d u c e d  s p o m l a t i n g  a r e a s  o n  w o o d  s h a v in g s  a n d  p a p e r  i n  t h e  l a b o r a t o r y  i n  t h e  
p r e s e n t  s t u d y ,  t h is  w a s  v e r y  l i m i t e d  a n d  i n s u f f i c i e n t  f o r  u s e  a s  in o c u l a .  O t h e r  w o r k  i n  
t h e  l a b o r a t o r y  d e m o n s t r a t e d  t h a t  r a d i a l  g r o w t h  o f  c o lo n ie s  o f  a  s p o r in g  f o r m  o f  
T r i c h o d e r m a  h a r z i a n u m  o n  a g a r  w a s  r e d u c e d  a n d  s p o r u l a t i o n  w a s  in c r e a s e d  w h e n  t h e  
o r g a n i s m  w a s  e x p o s e d  t o  v i s i b l e  a n d  U V  l i g h t .  H o w e v e r ,  w h e r e  t h e y  w e r e  p r e s e n t ,  
t h e  r e p r o d u c t i v e  s t r u c t u r e s  w e r e  i d e n t i c a l  r e g a r d le s s  o f  t h e  c u l t u r a l  c o n d i t io n s .
U p o n  e x a m i n a t i o n  o f  R P 1 ,  i t  w a s  n o t e d  t h a t  n o  s e x u a l  r e p r o d u c t i o n  w a s  p r e s e n t .  B o t h  
t h e  A s c o m y c e t e s  a n d  B a s i d i o m y c e t e s  r e p r o d u c e  s e x u a l l y ,  b y  m e a n s  o f  a s c o s p o r e s  
a n d  b a s id io s p o r e s  r e s p e c t i v e l y  ( O n i o n s  e t  a l . , 1 9 8 6 ) .  A s c o s p o r e s  a r e  c o n t a in e d  i n  
c lo s e d  r e c e p t a c le s ,  g e n e r a l l y  i n  g r o u p s  o f  e i g h t  s p o r e s ,  o r  m u l t i p l e s  o f  e ig h t .  
A s c o m y c e t e s  c a n ,  h o w e v e r ,  a ls o  r e p r o d u c e  a s e x u a l l y ,  b y  t h e  f o r m a t i o n  o f  c o n i d i a .  
B a s i d i o m y c e t e s  i n c l u d e  v i s i b l e  f u n g i  s u c h  a s  m u s h r o o m s  a n d  t o a d s t o o ls ,  a n d  b e a r  
b a s id io s p o r e s  i n  s p e c ia l i s e d  s t r u c t u r e s ,  t h e  m o s t  c o m p l e x  b e i n g  t h e  v i s i b l e  
m u s h r o o m s .  R P 1  t h e r e f o r e  d i d  n o t  b e lo n g  to  t h e  A s c o m y c e t e s  o r  B a s i d i o m y c e t e s ,  b u t  
b e l o n g e d  t o  t h e  D e u t e r o m y c e t e s .
A s  t h e  m y c e l i u m  w a s  w e l l - d e v e l o p e d ,  a n d  s p o r e s  w e r e  p r o d u c e d  b y  c o n i d i o p h o r e s ,  i t  
w a s  d e t e r m i n e d  t h a t  F 2  b e l o n g e d  t o  t h e  H y p h o m y c e t e s  ( O n i o n s  e t  a l . ,  1 9 8 6 ) .  O t h e r  
a s e x u a l  r e p r o d u c t i v e  s t r u c t u r e s  o f  t h e  D e u t e r o m y c e t e s  i n c l u d e  p y c n i d i a ,  p y c n o t h r i a ,  
s t r o m a t a  a n d  a c e r v u l i .  T h e s e  a r e  s p e c ia l i s e d  s t r u c t u r e s  m a d e  f r o m  m a s s e s  o f  h y p h a e ,  
b e a r i n g  t h e  s p o r e s  i n  c a v i t i e s ,  o f  w h i c h  n o n e  w e r e  p r e s e n t  i n  R P 1 .  F o l l o w i n g  t h e  k e y  
f o r  f a m i l i e s  o f  t h e  H y p h o m y c e t e s ,  i t  w a s  n o t e d  t h a t  R P 1  b e l o n g e d  t o  t h e  M o n i l i a l e s ,  
a s  i t  d i d  n o t  p r o d u c e  s p o r e s  i n  s y n n e m a t a  o r  s p o r o d o c h ia .  T h e s e  a r e  c o m p a c t e d  
m a s s e s  o f  h y p h a e ,  a n d  w e r e  n o t  p r e s e n t  o n  R P 1 .
T h e  k e y  f o r  t h e  M o n i l i a l e s  b y  B a r n e t t  a n d  H u n t e r  ( 1 9 7 2 )  w a s  t h e n  f o l l o w e d .  T h e  
c o n i d i a  w e r e  n o t  c o i l e d  o r  c u r v e d ,  b u t  w e r e  g lo b o s e .  T h e  p i g m e n t a t i o n  o f  t h e  R P 1  
w a s  q u e s t io n e d .  A l t h o u g h  t h e  s p o r in g  a r e a s  o f  R P 1  w e r e  g r e e n  w h e n  e x a m i n e d  
m a c r o s c o p i c a l l y ,  u n d e r  t h e  m ic r o s c o p e  t h e  p i g m e n t a t i o n  o f  i n d i v i d u a l  c o n i d i a  w a s
142
n o t  d a r k .  T h e  h y p h a e  w e r e  a ls o  n o t  p i g m e n t e d .  T h i s  l e d  t o  a n  e x a m i n a t i o n  o f  t h e  
n a t u r e  o f  t h e  c o n i d i a .  T h e y  w e r e  p r e s e n t  a s  s in g le  s p o r e s  a n d  w e r e  g l o b o s e  o r  
s p h e r ic a l .  T h e i r  s h a p e  w a s  n o t  v a r i a b l e ,  a n d  n o t  o v o i d  o r  e g g - s h a p e d .
T h e  k e y  t h e n  l e d  to  t h e  s t r u c t u r e  o f  t h e  c o n i d i o p h o r e .  T h e  c o n id io p h o r e s  w e r e  w e l l  
d e v e l o p e d  a n d  d i s t i n c t .  T h e y  w e r e  n o t  u n d e r d e v e l o p e d  to  t h e  e x t e n t  t h a t  t h e y  w e r e  
j u s t  p h i a l i d e s .  N o r  w e r e  t h e y  l i k e  s m a l l  p o i n t e d  s t e r i g m a t a .  F o l l o w i n g  t h is  
i n f o r m a t i o n ,  t h e  p o s s i b i l i t y  o f  t h e  o r g a n i s m  b e i n g  a  c o n i d i a l  s t a te  o f  p o w d e r y  m i l d e w  
w a s  s u g g e s t e d .  H o w e v e r ,  m i l d e w s  a r e  p a r a s i t i c  d is e a s e s  o f  p l a n t s .  T h e y  g r o w  a n d  
r e p r o d u c e  s o l e l y  o n  l i v i n g  p l a n t  t is s u e  a n d  s o  R P 1  d i d  n o t  f a l l  i n t o  t h is  c a t e g o r y  
( C r u t e ,  1 9 8 1 ) .
T h e  s t r u c t u r e  o f  t h e  c o n i d i a  a n d  c o n id io p h o r e s  w a s  t h e n  a g a i n  e x a m i n e d .  T h e  
d i s t i n c t i o n  o f  t h e  c o n i d i a  f r o m  t h e  a p i c a l  c e l l s  o f  t h e  c o n i d i o p h o r e s  w a s  q u e s t io n e d .  I t  
w a s  n o t e d  f r o m  o b s e r v a t io n s  t h a t  th e  p h i a l i d e s  w e r e  s k i t t l e  s h a p e d .  H o w e v e r ,  t h e  
c o n i d i a  w e r e  s e p a r a t e  a n d  d i s t i n c t  f r o m  t h e  a p i c a l  c e l l s  o f  t h e  c o n id io p h o r e s .  T h i s  l e d  
t o  t h e  f u r t h e r  e x a m i n a t i o n  o f  c h a r a c t e r is t i c s  o f  t h e  c o n i d i o p h o r e s .  I t  w a s  o b v i o u s  f r o m  
m i c r o s c o p i c  e x a m i n a t i o n  t h a t  t h e  c o n id io p h o r e s  w e r e  e x t e n s i v e l y  b r a n c h e d ,  a n d  t h e  
p h i a l i d e s  w e r e  i n  g r o u p s .  F o l l o w i n g  t h e  k e y  f u r t h e r ,  t h e  q u e s t io n  o f  c a t e n u la t e  
c o n i d i a  a r o s e .  T h e  c o n i d i a  o f  R P 1  w e r e  n o t  c a t e n u la t e  ( i . e .  t h e y  w e r e  n o t  i n  c h a in s ) .
T h e  p r e s e n c e  o r  a b s e n c e  o f  a le u r io s p o r e s  w a s  t h e  n e x t  c h a r a c t e r is t i c  i n  t h e  k e y .  
A l e u r i o s p o r e s  a r e  s p o r e s  f o r m e d  a t  t h e  e n d  o f  a  c o n id io g e n o u s  c e l l  o r  h y p h a  b y  
s u b s t a n t ia l  e x p a n s i o n  o f  t h e  c e l l .  T h e y  a r e  s o m e t im e s  s u r r o u n d e d  b y  a  t h i c k  
p i g m e n t e d  w a l l .  T h e y  a r e  o n l y  s h e d  b y  t h e  r u p t u r e  o f  t h e  c e l l  w a l l  s u r r o u n d in g  t h e m .  
T h e r e  w e r e  n o  l a r g e  r o u g h - w a l l e d  a le u r io s p o r e s  i n  R P 1.
T h e  s i t e  o f  c o n id io g e n e s is  w a s  t h e n  d e t e r m i n e d .  T h e  c o n i d i a  o f  R P 1  w e r e  p r o d u c e d  
o n l y  a t  t h e  a p e x  o f  t h e  p h i a l i d e s ,  a n d  n o t  a t  t h e i r  s id e s .  T h e  n e x t  s t a g e  o f  e x a m i n a t i o n  
w a s  o f  t h e  a r r a n g e m e n t  o f  t h e  b r a n c h e s  o f  t h e  c o n i d i o p h o r e .  I t  w a s  c l e a r  t h a t  t h e
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b r a n c h i n g  w a s  i r r e g u l a r ,  a n d  n o t  v e r t i c i l l a t e .  V e r t i c i l l a t e  b r a n c h i n g  is  w h e r e  t h e  
b r a n c h e s  a r e  a r r a n g e d  r e g u l a r l y  f r o m  a  s in g le  p o i n t ,  l i k e  s p o k e s .  T h e  k e y  t h e n  
q u e s t io n e d  t h e  s o u r c e  o f  t h e  s t r a in .  R P 1  w a s  n o t  i s o l a t e d  f r o m  a n  a q u a t ic  
e n v i r o n m e n t ,  o n  s u b m e r g e d  d e a d  le a v e s .
T h i s  l e d  t o  f o u r  p o s s i b le  g e n e r a :  B o t r y o t r i c h u m ,  T r i c h o d e r m a ,  H a n s f o r d i a  a n d  
N o d u l o s p o r i u m .  A  c o m p a r i s o n  w a s  m a d e  t o  t h e  r e p r o d u c t i v e  s t r u c t u r e s  o f  t h e s e  f o u r  
g e n e r a  ( A p p e n d i x  D ) .  T h e y  d i d  n o t  r e s e m b l e  t h e  r e p r o d u c t i v e  s t r u c t u r e s  o f  
B o t r y o t r i c h u m ,  H a n s f o r d i a  o r  N o d u l o s p o r i u m .  T h e  i d e n t i t y  w a s  d e t e r m i n e d  a s  
T r i c h o d e r m a  h a r z i a n u m ,  w h i c h  w a s  c o n f i r m e d  b y  D e u t s c h e  S a m m l u n g  v o n  
M i k r o o r g a n i s m e n  u n d  Z e l l c u l t u r e n  G m b H  ( D S M Z )  ( A p p e n d i x  C ) .
I t  h a s  b e e n  n o t e d  t h a t  t h e  m a i n  f a t t y  a c i d  p r o d u c e d  b y  T r i c h o d e r m a  s p e c ie s  a r e  
p a l m i t i c ,  s t e a r ic ,  o l e i c  a n d  l i n o l e i c  a c id s  ( S i v a s i t h a m p a r a m  a n d  G h i s a l b e r t i ,  1 9 9 8 ) .  
T h e  r e p o r t e d  m a i n  f a t t y  a c id s  i n  t a l l o w  i n c l u d e  t h e s e ,  p a l m i t i c ,  s t e a r ic  a n d  o l e i c  b e i n g  
t h e  m o s t  a b u n d a n t  ( K a j s  a n d  V a n d e r z a n t ,  1 9 8 1 ) .  T h i s  i n d i c a t e d  t h a t  t h e s e  f a t t y  a c id s  
w e r e  n o t  n e w  i n  t h e  m e t a b o l i c  p a t h w a y s  o f  R P 1 . T h e  e n z y m a t i c  s y s t e m s  r e q u i r e d  f o r  
m e t a b o l i s m  o f  s u b s t r a te s  c o n t a i n i n g  t h e m  s h o u ld  h a v e  b e e n  p r e s e n t  i n  R P 1  c e l ls .  
H o w e v e r ,  n o t h i n g  h a s  b e e n  r e p o r t e d  i n  t h e  l i t e r a t u r e  o n  t h e  b i o d é g r a d a t i o n  o f  t a l l o w ,  
o r  a n y  o t h e r  l i p i d  s u b s t r a t e ,  b y  a  T r i c h o d e r m a  s p e c ie s .
I n  o r d e r  t o  s t u d y  t h e  b i o d é g r a d a t i o n  o f  t a l l o w  b y  T .  h a r z i a n u m  R i f a i  R P 1 ,  t h e  
o p t i m u m  c o n d i t i o n s  f o r  g r o w t h  a n d  t a l l o w  r e m o v a l  f r o m  c u l t u r e  w e r e  d e t e r m i n e d .  
F a c t o r s  s t u d i e d  i n c l u d e d  t h e  n a t u r e  o f  t h e  i n o c u l u m ,  t h e  p h y s i c a l  n a t u r e  o f  t h e  
s u b s t r a t e ,  t h e  i n f l u e n c e  o f  p H  b u f f e r i n g ,  t e m p e r a t u r e ,  r a t e  o f  a g i t a t i o n  a n d  s u b s t r a t e  
c o n c e n t r a t io n .
A s  n o t e d  p r e v i o u s l y ,  s p o r u l a t i o n  o f  R P 1  w a s  l i m i t e d  a n d  d i f f i c u l t  t o  in d u c e .  T h e  
a m o u n t  o f  s p o r e s  p r o d u c e d  a s  i n s u f f i c i e n t  t o  u s e  a s  in o c u l a .  M y c e l i a l  a g a r  d is c s  o f  
R P 1  w e r e  t h e r e f o r e  u s e d  a s  t h e  i n o c u l a  i n  t h e s e  s t u d ie s .  T h e s e  i n o c u l a  w o u l d  i d e a l l y
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b e  a c t i v e l y  g r o w i n g  c u l t u r e s  t o  e n s u r e  t h e i r  v i a b i l i t y .  T h e  a g e  o f  t h e  c u l t u r e s  m i g h t  
h a v e  a f f e c t e d  v i a b i l i t y ,  s o  t h e  i n f l u e n c e  o f  t h e  a g e  o f  t h e  i n o c u l u m  o n  g r o w t h  a n d  
t a l l o w  r e m o v a l  o v e r  1 0  d a y s  w a s  e x a m i n e d .  N o  s i g n i f i c a n t  d i f f e r e n c e  w a s  n o t e d  
b e t w e e n  c u l t u r e s  o f  2 ,  5  o r  8  d a y s  o l d ,  s o  t h e  a g e  o f  t h e  i n o c u l u m  i n  t h is  r a n g e  d i d  n o t  
a f f e c t  i t s  v i a b i l i t y .  T h e  p e r c e n t a g e  r e m o v a l  o f  t a l l o w  w a s  s i m i l a r  r e g a r d le s s  o f  t h e  a g e  
o f  t h e  i n o c u l u m ,  a t  1 4 - 1 5 % .  L a t e r  s t u d ie s  w e r e  c a r r i e d  o u t  o n  t h e  s i z e  o f  t h e  i n o c u l u m  
u n d e r  o p t i m u m  c o n d i t io n s  o f  p H  a n d  t e m p e r a t u r e .  T h e  a d d i t i o n  o f  a  l a r g e r  i n o c u l u m  
m i g h t  h a v e  a f f e c t e d  s u b s t r a t e  r e m o v a l  o v e r  t h e  1 0  d a y  i n c u b a t i o n  p e r i o d .  W h e n  t h e  
i n o c u l u m  s iz e  o f  R P 1  w a s  in c r e a s e d ,  n o  i m p r o v e m e n t  w a s  o b s e r v e d .  A  s l i g h t  
d e c r e a s e  w a s  e v e n  n o t e d  f r o m  4 0 %  w i t h  o n e  m y c e l i a l  p l u g ,  t o  3 0 %  w i t h  1 0  m y c e l i a l  
a g a r  p l u g s .  T h e  b i o m a s s  p r o d u c t i o n  w a s  n o t  in c r e a s e d .  W i t h  t h e  in c r e a s e d  in o c u l a ,  
h o w e v e r ,  a n o t h e r  f a c t o r  b e c a m e  s i g n i f i c a n t .  T h e  a m o u n t  o f  c a r b o h y d r a t e  a d d e d  i n  t h e  
m a l t  e x t r a c t  a g a r  in c r e a s e d ,  a n d  w o u l d  b e  u t i l i s e d  i n  p r e f e r e n c e  t o  t h e  t a l l o w  i n  t h e  
e a r l y  s t a g e s  o f  i n c u b a t i o n .  S in c e  n o  i m p r o v e m e n t  w a s  f o u n d  b y  in c r e a s in g  t h e  
i n o c u l u m  s iz e ,  t h e  u s e  o f  o n e  a g a r  p l u g  w a s  c o n t i n u e d  f o r  f u r t h e r  e x p e r i m e n t a l  w o r k .
T a l l o w  w a s  g e n e r a l l y  p r e s e n t  a s  s o l i d  b a l l s  i n  c u l t u r e ,  r e d u c i n g  t h e  s u r f a c e  a r e a  
a v a i l a b l e  f o r  e n z y m a t i c  a t t a c k .  I n c r e a s i n g  t h is  s u r f a c e  a r e a  w o u l d  i m p r o v e  i ts  
b i o a v a i l a b i l i t y  a n d  i n c r e a s e  i t s  b i o d é g r a d a t i o n .  T h e  e l e v a t i o n  o f  t h e  t e m p e r a t u r e  o f  
i n c u b a t i o n  in c r e a s e d  t h e  s u r f a c e  a r e a  b y  m e l t i n g  t h e  t a l l o w .  T a l l o w  l i q u e f a c t i o n  t a k e s  
p l a c e  o v e r  t h e  r a n g e  4 0 ° C  t o  5 0 ° C .  H o w e v e r ,  i t  w a s  f o u n d  t h a t  a l t h o u g h  t h e  
b i o a v a i l a b i l i t y  m a y  h a v e  b e e n  in c r e a s e d ,  R P 1  d i d  n o t  g r o w  a t  t h e  h i g h  t e m p e r a t u r e s .  
O t h e r  s t u d ie s  h a v e  u s e d  e l e v a t e d  t e m p e r a t u r e s  t o  l i q u i f y  s o l i d  l i p i d  s u b s t r a te s .  I n  t h e  
a n a e r o b i c  s y s t e m  s t u d i e d  b y  B r o u g h t o n  e t  a l .  ( 1 9 9 8 ) ,  r a i s i n g  t h e  t e m p e r a t u r e  t o  5 0 ° C  
t o  m e l t  s h e e p  t a l l o w  r e s u l t e d  i n  l o w e r  r e m o v a l  c o m p a r e d  t o  t h a t  s e e n  a t  3 5 ° C .  B e c k e r  
e t  a l .  ( 1 9 9 9 )  f o u n d  t h a t  m e l t i n g  o f  t h e  s u b s t r a t e  d i d  r e s u l t  i n  e f f e c t i v e  r e m o v a l  o f  
w o o l  g r e a s e .  H o w e v e r ,  t h e  o r g a n i s m  u s e d  w a s  B a c i l l u s  t h e r m o l e o v o r a n s , a  
t h e r m o p h i l i c  o r g a n i s m ,  w h i c h  g r e w  w e l l  a t  t h e  t e m p e r a t u r e  s t u d i e d ,  6 5 ° C .  T h e  
s u c c e s s f u l  a p p l i c a t i o n  o f  a  t h e r m o p h i l i c  m i x e d  c u l t u r e  w a s  r e p o r t e d  b y  N a k o n a  a n d  
M a t s u m u r a  ( 2 0 0 1 ) .  T h e i r  s t u d y  f o c u s s e d  o n  a  s o l id  s ta te  s y s t e m  o p e r a t e d  a t  6 0 ° C ,
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w i t h  t h e  c u l t u r e  s u p p o r t e d  o n  a  s o l i d  m a t r i x ,  a n d  t h e  l i p i d  a d d e d  i n  i t s  l i q u i d  s ta te .  
T h e s e  r e p o r t e d  s t u d ie s  d e m o n s t r a t e d  t h a t  a l t h o u g h  b i o a v a i l a b i l i t y  c o u l d  b e  i m p r o v e d ,  
t h e  b i o d é g r a d a t i o n  d e p e n d e d  o n  t h e  a b i l i t y  o f  t h e  m i c r o b i a l  p o p u l a t i o n s  t o  b e  
m e t a b o l i c a l l y  a c t i v e  a t  t h e  e l e v a t e d  t e m p e r a t u r e s .  T h e  t e m p e r a t u r e  o f  i n c u b a t i o n  c a n  
a f f e c t  t h e  s u r v i v a l ,  g r o w t h  a n d  r e p r o d u c t i o n  o f  a n  o r g a n is m .
D u r i n g  t h e  b i o d é g r a d a t i o n  o f  t a l l o w ,  l i p a s e  a c t i v i t y ,  a s  w e l l  a s  t h e  g r o w t h  o f  t h e  
o r g a n i s m ,  i n f l u e n c e  t h e  e x t e n t  o f  t h e  f a t  d e g r a d e d .  L i p a s e s  h a v e  a ls o  b e e n  s h o w n  to  
h a v e  s p e c i f i c  t e m p e r a t u r e  r e q u i r e m e n t s .  A  s u r v e y  o f  t h e  l ip a s e s  r e p o r t e d  b y  W h i t e  
a n d  W h i t e  ( 1 9 9 7 )  r e v e a l e d  t h a t  t e m p e r a t u r e  o p t i m a  a r e  a s  d i v e r s e  a s  t h e  s o u r c e s  f r o m  
w h i c h  t h e y  a r e  o b t a i n e d .  T h o s e  f r o m  f u n g a l  s o u r c e s  l i s t e d  h a d  a c t i v i t y  p e a k s  r a n g i n g  
f r o m  2 0 ° C  t o  5 0 ° C  a n d  a b o v e .  E x a m p l e s  o f  l ip a s e s  f r o m  t h e  l i t e r a t u r e  i n c l u d e d  
m e s o p h i l i c  e n z y m e s ,  o p e r a t i n g  a t  3 0 - 4 0 ° C  ( C a t o n i  e t  a l . , 1 9 9 7 ,  D e s t a i n  e t  a l . ,  1 9 9 7 )  
a n d  t h o s e  w i t h  t h e r m o p h i l i c  o p t i m a  ( S o m k u t i  e t  a l . ,  1 9 6 9 ,  K w o n  a n d  R h e e ,  1 9 8 4 ,  
B a i l i e  e t  a l . ,  1 9 9 5 ) .
T r i c h o d e r m a  s p e c ie s  h a v e  b e e n  s h o w n  t o  b e  a d a p t i v e  t o  t e m p e r a t u r e  d e p e n d e n c y  
( K u b i c e k - P r a n z ,  1 9 9 8 ) .  T h e i r  o p t i m u m  t e m p e r a t u r e  f o r  g r o w t h  m a y  b e  i n f l u e n c e d  b y  
t h e  p r e v a i l i n g  t e m p e r a t u r e  i n  t h e  e n v i r o n m e n t  f r o m  w h i c h  t h e y  a r e  i s o la t e d .  A s  n o t e d  
e a r l i e r ,  t h e  g r o w t h  o f  T r i c h o d e r m a  h a r z i a n u m  R i f a i  R P 1  w a s  g r e a t l y  a f f e c t e d  b y  t h e  
t e m p e r a t u r e  o f  in c u b a t i o n .  I t  a p p e a r e d  t o  b e  m e s o p h i l i c ,  b a s e d  o n  o b s e r v a t io n s  d u r i n g  
i d e n t i f i c a t i o n  a n d  d u r i n g  s t u d ie s  o f  t h e  p h y s i c a l  n a t u r e  o f  t h e  s u b s t r a t e .  I t  g r e w  
p r o f u s e l y  a t  2 5 ° C ,  b u t  d i d  n o t  g r o w  a t  4 ° C ,  3 7 ° C  o r  5 5 ° C .  T h e  t e m p e r a t u r e s  r e p o r t e d  
i n  s o m e  o f  t h e  l i t e r a t u r e  f o r  T . h a r z i a n u m  t e n d e d  t o  b e  i n  t h e  r a n g e  2 5 ° C  t o  3 0 ° C  
( E l a d  e t a l . ,  1 9 8 2 ,  G u p t a  e t a l . ,  1 9 9 7 ,  K r a n t z - R ü l c k e r  e t  a l . ,  1 9 9 4 ,  M u ñ o z  e t a l . ,  1 9 9 5 ,  
V i k i n e s w a r y  e t a l . ,  1 9 9 7 ) .
I t  w a s  n o t e d  t h a t  R P 1  g r e w  o p t i m a l l y  a t  2 5 ° C  i n  u n b u f f e r e d  c u l t u r e s .  T h e  e f f e c t  o f  
t e m p e r a t u r e  w a s  e x a m i n e d  i n  b u f f e r e d  c u l t u r e  t o  d e t e r m i n e  i f  b u f f e r i n g  i n f l u e n c e d  t h e  
t e m p e r a t u r e  o p t i m u m  f o r  g r o w t h  a n d  t a l l o w  r e m o v a l  b y  R P 1 .  T h e  o p t i m u m  w a s
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a g a i n  f o u n d  a t  2 5 ° C ,  w i t h  4 3 %  o f  t h e  a d d e d  t a l l o w  r e m o v e d  f r o m  c u l t u r e .  T h i s  
t e m p e r a t u r e  w a s  u s e d  f o r  f u r t h e r  s t u d ie s .  A t  o t h e r  t e m p e r a t u r e s ,  g r o w t h  w a s  r e d u c e d  
o r  a b s e n t ,  w i t h  n o n e  o b s e r v e d  a t  3 7 ° C  o r  5 5 ° C .
T h e  o p t i m u m  t e m p e r a t u r e  f o r  R P 1  g r o w n  o n  t a l l o w  w a s  s i m i l a r  t o  r e p o r t e d  v a lu e s  i n  
o t h e r  l i p i d  r e m o v a l  s t u d ie s .  A s  e x a m p l e s  o f  t h e s e ,  s e v e r a l  r e s e a r c h e r s  u s e d  
t e m p e r a t u r e s  i n  t h e  r a n g e  2 0 - 3 0 ° C ,  w h i l e  e x a m i n i n g  t h e  u t i l i s a t i o n  o f  l i p i d  s u b s t r a te s .  
O k u d a  e t  a l .  ( 1 9 9 1 )  r e p o r t e d  a  t e m p e r a t u r e  o f  3 0 ° C  w h i l e  g r o w i n g  B a c i l l u s  s p e c ie s  o n  
f a t .  A l s o  u s in g  a  f a t  s u b s t r a t e ,  y e a s t  a n d  b a c t e r i a l  s p e c ie s  w e r e  g r o w n  a t  3 0 ° C  b y  T a n  
a n d  G i l l  ( 1 9 8 5  &  1 9 8 7 ) .  Y e a s t s  w e r e  a ls o  g r o w n  o n  f a t  b y  K a j s  a n d  V a n d e r z a n t  
( 1 9 8 1 ) ,  a t  a  t e m p e r a t u r e  o f  2 5 ° C .  F i l a m e n t o u s  f u n g i  w e r e  e x a m i n e d  o n  f a t s  b y  
B e d n a r s k i  e t  a l .  ( 1 9 9 3 )  a t  2 8 ° C .  A  r a n g e  o f  o i l s  a n d  f a t s  w e r e  t h e  s u b s t r a t e  f o r  a  
m i x e d  b a c t e r i a l  c u l t u r e  b y  T a n o - D e b r a h  e l  a l .  ( 1 9 9 9 ) ,  u s in g  a  t e m p e r a t u r e  r a n g e  o f  
2 0 - 2 5 ° C .  M i c r o o r g a n i s m s  h a v e  a ls o  b e e n  g r o w n  o n  o i l s  a t  m e s o p h i l i c  t e m p e r a t u r e s .  
K o h  e t  a l .  ( 1 9 8 3 )  a s s i m i l a t e d  p a l m  o i l  w i t h  a  y e a s t  a t  3 0 ° C .  A  r a n g e  o f  b a c t e r ia ,  
y e a s t s  a n d  f i l a m e n t o u s  f u n g i  w e r e  g r o w n  o n  s o y a b e a n  o i l  a t  2 8 ° C  b y  K o r i t a l a  e t  a l . 
( 1 9 8 7 ) .  M e s o p h i l i c  t e m p e r a t u r e s  h a v e  b e e n  g e n e r a l l y  u s e d  f o r  s t u d ie s  o n  t h e  
a s s i m i l a t i o n  o f  l i p i d  s u b s t r a te s .  A l t h o u g h  t h e  e l e v a t i o n  o f  t h e  t e m p e r a t u r e  w o u l d  
l i q u e f y  t h e  f a t  s u b s t r a t e ,  t h e  u s e  o f  a  t h e r m o p h i l i c  o r g a n is m s  f o r  t h e  b i o d é g r a d a t i o n  o f  
t a l l o w  w o u l d  a ls o  h a v e  o t h e r  d i s a d v a n t a g e s .  T h e  m a i n t e n a n c e  o f  a  h i g h e r  t e m p e r a t u r e  
i n  a  b i o r e a c t o r  w o u l d  r e q u i r e  t h e  u s e  o f  a n  in s u l a t e d  v e s s e l  r e s u l t i n g  i n  h i g h e r  c a p i t a l  
c o s ts .  T h e  e n e r g y  r e q u i r e m e n t s  w o u l d  a ls o  b e  g r e a t e r  f o r  s u c h  a  s y s t e m .
A n o t h e r  m e t h o d  o f  i n c r e a s in g  t h e  b i o a v a i l a b i l i t y  o f  t h e  t a l l o w  is  b y  t h e  a d d i t i o n  o f  a  
s u r f a c t a n t .  T w e e n  8 0  w a s  s e le c t e d  a s  a  m o d e l  s u r f a c t a n t  t o  e x a m i n e  i f  d i s p e r s a l  o f  t h e  
f a t  i n  c u l t u r e  m i g h t  e n h a n c e  i t s  a s s i m i l a t i o n .  A l t h o u g h  d i s p e r s a l  w a s  o b s e r v e d ,  
2 % ( w / v )  s u r f a c t a n t  w a s  r e q u i r e d  t o  a c h i e v e  t h is .  D e s p i t e  t h is  a p p a r e n t  in c r e a s e d  
b i o a v a i l a b i l i t y ,  t h e  r e m o v a l  o f  e x t r a c e l l u l a r  l i p i d  w a s  h a l v e d  f r o m  2 0 %  t o  1 1 %  i n  t h e  
p r e s e n c e  o f  t h e  s u r f a c t a n t .  I t  w a s  o b s e r v e d  t h a t  t h e  f u n g u s  c o u ld  g r o w  o n  t h e  T w e e n ,  
u t i l i s i n g  i t  a s  a  c a r b o n  s o u r c e  i n  t h e  a b s e n c e  o f  t a l l o w .  M o s t  s t u d ie s  o n  t h e
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b i o d é g r a d a t i o n  o f  t r i g l y c e r i d e  l i p i d s  i n  t h e  l i t e r a t u r e  d i d  n o t  u s e  a n  a d d i t i o n a l  
s u r f a c t a n t .  I t  h a s  b e e n  n o t e d  t h a t  t h e  u s e  o f  s u r f a c t a n t s  c a n  l e a d  t o  i n h i b i t i o n  a s  w e l l  
a s  e n h a n c e m e n t  i n  c e r t a i n  c a s e s ,  a n d  t h a t  m a n y  c a r b o n  b a s e d  s u r f a c t a n t s  a c t  as  
p r e f e r e n t i a l  s u b s t r a t e s  i n s t e a d  o f  t h e  i n s o l u b l e  c a r b o n  c o m p o u n d  b e i n g  s t u d ie d  
( R o u s e  e t  a l . ,  1 9 9 5 ) .  A l s o ,  t a l l o w  is  r e l a t i v e l y  r e s is t a n t  to  d i s p e r s i o n ,  a n d  t h e  
c o n c e n t r a t io n s  o f  s u r f a c t a n t  r e q u i r e d  m a y  b e  i n h i b i t o r y  i n  s o m e  c a s e s  ( V a n  d e r  
M e e r e n  a n d  V e r s t r a e t e ,  1 9 9 6 ) .  K o h  e t  a l .  ( 1 9 8 3 )  f o u n d  a  r a n g e  o f  s u r f a c t a n t s  t o  b e  
i n h i b i t o r y  t o  y e a s t  g r o w t h  o n  p a l m  o i l .  P e t r u y  a n d  L e t t i n g a  ( 1 9 9 7 )  n o t e d  t h a t  a n i o n i c  
s u r f a c t a n t s  c a n  b e  i n h i b i t o r y  t o  a n a e r o b i c  b i o m a s s  a t  c o n c e n t r a t io n s  a s  l o w  a s  lO p p m .  
T h e y  a ls o  s u g g e s t e d  t h a t  s u r f a c t a n t s  c o u l d  in c r e a s e  t h e  t o x i c i t y  o f  l i p i d s  d u e  to  
d i s p e r s i o n .  O n  t h e  o t h e r  h a n d  H e d g e c o c k  ( 1 9 7 0 )  r e p o r t e d  t h a t  t o x i c i t y  o f  f r e e  f a t t y  
a c id s  t o  M y c o b a c t e r i u m  t u b e r c u l o s i s  w a s  r e d u c e d  b y  t h e  a d d i t i o n  o f  a  n o n i o n i c  
s u r f a c t a n t .  I t  w a s  d e c id e d  t h e r e f o r e  t h a t  t h e  n o r m a l  p a t h w a y  o f  t a l l o w  b i o d é g r a d a t i o n  
b y  T .  h a r z i a n u m  R i f a i  R P 1  m a y  h a v e  b e e n  a f f e c t e d  b y  t h e  a d d i t i o n  o f  a  s u r f a c t a n t ,  
a n d  f u r t h e r  s t u d ie s  w o u l d  b e  c a r r i e d  o u t  w i t h o u t  o n e .
I t  w a s  o b s e r v e d  t h a t  a  l a r g e  p H  d r o p  a c c o m p a n i e d  g r o w t h  o f  R P 1 o n  t a l l o w .  T h i s  w a s  
a ls o  n o t e d  i n  t h e  e n r i c h m e n t  c u l t u r e s .  M a n y  m i c r o o r g a n i s m s  h a v e  a  l i m i t e d  p H  r a n g e  
i n  w h i c h  t h e y  u t i l i s e  s u b s t r a te s  o p t i m a l l y .  L i p a s e  is  a  k e y  e n z y m e  in  t h e  
b i o d é g r a d a t i o n  o f  t r i g l y c e r i d e  l i p i d s ,  a n d  i n  s e v e r a l  p u b l i c a t i o n s ,  f u n g a l  l ip a s e s  h a v e  
b e e n  s h o w n  t o  h a v e  r e l a t i v e l y  n a r r o w  o p t i m u m  p H  r a n g e s  ( C a t o n i  e t  a l . ,  1 9 9 7 ,  
D e s t a i n  e t  a l . ,  1 9 9 7 ,  K w o n  a n d  R h e e ,  1 9 8 4 ,  S o m k u t i  e t  a l . ,  1 9 6 9 ,  W h i t e  a n d  W h i t e ,  
1 9 9 7 ) .  G r o w t h  o f  T r i c h o d e r m a  s p e c ie s  is  a ls o  s e n s i t iv e  t o  p H ,  t h e  o p t i m u m  r a n g e  
b e i n g  q u o t e d  a s  p H  4  t o  6 . 5  ( K u b i c e k - P r a n z ,  1 9 9 8 ) .  T h e  p H  d r o p  m a y  t h e r e f o r e  h a v e  
a f f e c t e d  t h e  a b i l i t y  o f  R P 1  t o  m e t a b o l i s e  t a l l o w .  B u f f e r i n g  o f  t h e  c u l t u r e  m e d i u m  w a s  
e x a m i n e d  t o  d e t e r m i n e  i f  t h e  c o n t r o l  o f  p H  m a y  e n h a n c e  t h e  r e m o v a l  o f  e x t r a c e l l u l a r  
l i p i d .
C i t r a t e  b u f f e r ,  a t  0 . 1 M ,  w a s  c h o s e n  a s  i t  h a s  a  w i d e  e f f e c t i v e  b u f f e r i n g  r a n g e .  T h e  
o p t i m u m  t a l l o w  r e m o v a l  w i t h  t h is  b u f f e r ,  o f  3 4 % ,  w a s  o b s e r v e d  a t  p H  6 .  H o w e v e r ,
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R P 1  c o u l d  u t i l i s e  t h e  b u f f e r  a s  a  c a r b o n  s u b s t r a t e .  T h i s  a f f e c t e d  t h e  a b i l i t y  o f  th e  
b u f f e r  t o  m a i n t a i n  a  c o n s t a n t  p H  a t  p H  4  a n d  5 .  A l s o ,  R P 1  w a s  g r o w i n g  w i t h  c i t r a t e  
a s  a  c a r b o n  s o u r c e ,  s o  t a l l o w  w a s  n o  l o n g e r  t h e  s o le  c a r b o n  s o u r c e .  C o n f i r m a t i o n  o f  
p H  6  a s  t h e  o p t i m u m  p H  w a s  a c h i e v e d  u s in g  p h o s p h a t e  a n d  p h t h a l a t e  b u f f e r s ,  w h i c h  
d i d  n o t  a c t  a s  s u b s t r a t e  f o r  t h e  f u n g u s .
T r i c h o d e r m a  h a r z i a n u m  h a s  p r e v i o u s l y  b e e n  u s e d  f o r  t h e  t r e a t m e n t  o f  a n  i n d u s t r i a l  
w a s t e ,  a l t h o u g h  w i t h  l o w  le v e l s  o f  l i p i d .  C o n t r o l l i n g  t h e  p H  t o  4  w a s  b y  t h e  
c o n t i n u o u s  m o n i t o r i n g  o f  t h e  p H  a n d  t h e  a d d i t i o n  o f  a c id  o r  b a s e  a s  r e q u i r e d .  T h is  
w a s  s h o w n  t o  e n h a n c e  b i o m a s s  p r o d u c t i o n ,  a l t h o u g h  C O D  r e m o v a l  w a s  n o t  i m p r o v e d  
( V i k i n e s w a r y  e t  a l ,  1 9 9 7 ) .  U t i l i s i n g  f a t s  a s  s u b s t r a t e  f o r  f u n g a l  s p e c ie s ,  B e d n a r s k i  et  
a l .  ( 1 9 9 3 )  u s e d  a  p H  o f  4 . 5 ,  a u t o m a t i c a l l y  c o n t r o l l i n g  i t  i n  f e r m e n t o r  s t u d ie s .  Y e a s t s  
h a v e  b e e n  t h e  s u b je c t  o f  s e v e r a l  s t u d ie s ,  u s in g  a  v a r i e t y  o f  p H  v a l u e s .  K a j s  a n d  
V a n d e r z a n t  ( 1 9 8 1 )  a d ju s t e d  t h e i r  m e d i a  t o  p H  4 . 8 ,  a n d  m a i n t a i n e d  i t  a t  p H  4 . 4 - 4 . 8  b y  
c o n t i n u o u s  m o n i t o r i n g  a n d  a d ju s t m e n t .  T a n  a n d  G i l l  ( 1 9 8 4 )  f o u n d  p H  7 . 0  t o  b e  
s u i t a b l e  f o r  g r o w t h  o f  S a c c h a r o m y c o p s i s  l i p o l y t i c a  w i t h  a n  o l i v e  o i l  s u b s t r a t e .  T h e y  
c o n t r o l l e d  t h e  p H  b y  c o n t i n u o u s  m o n i t o r i n g  a n d  m a n u a l  a d j u s t m e n t .  T h e  s t u d ie s  
a b o v e  u s e d  c o n t i n u o u s  m o n i t o r i n g  a n d  a c id - b a s e  a d ju s t m e n t  t o  c o n t r o l  t h e  p H .  
H o w e v e r ,  t h e y  w e r e  c a r r i e d  o u t  i n  f e r m e n t o r s .  I n  t h e  c u r r e n t  s t u d y ,  b a t c h  c u l t u r e s  
w e r e  u s e d .  B u f f e r s  w e r e  c h o s e n  f o r  t h e  p H  c o n t r o l ,  b e c a u s e  o f  e a s e  o f  u s e  a n d  t h e  
r e d u c e d  r i s k  o f  c o n t a m i n a t i o n  w h i c h  m i g h t  b e  i n t r o d u c e d  o n  p H  p r o b e s  a n d  i n  a d d e d  
a c id s  o r  b a s e s .
T h e  f a c t  t h a t  t h e  o p t i m u m  p H  f o r  r e m o v a l  o f  t a l l o w  b y  R P 1 w a s  p H  6  w o u l d  b e  d u e  
t o  n u m e r o u s  f a c t o r s .  T h e  p r o c e s s e s  i n v o l v e d  w o u l d  i n c l u d e  t h e  a c t i v i t y  o f  l ip a s e  
e n z y m e s ,  t h e  a s s i m i l a t i o n  o f  f a t t y  a c id s  f r o m  t h e  m e d i u m ,  t h e  m e t a b o l i s m  o f  t h e  
a s s i m i l a t e d  f a t t y  a c id s  a n d  t h e  g r o w t h  o f  t h e  o r g a n i s m  i t s e l f .  T h e r e f o r e ,  t h e  o p t i m u m  
p H  m a y  n o t ,  f o r  e x a m p l e ,  b e  t h e  o p t i m u m  f o r  a s s i m i l a t i o n  o f  f a t t y  a c id s .  I t  
r e p r e s e n t e d  t h e  v a l u e  a t  w h i c h  t h e  c o m b i n a t i o n  o f  t h e  p r o c e s s e s  i n v o l v e d  w o r k e d  
t o g e t h e r  m o s t  e f f i c i e n t l y .
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A s  o b s e r v e d  d u r i n g  e n r i c h m e n t ,  t h e  a g i t a t i o n  o f  c u l t u r e s  w i t h  t a l l o w  a s  t h e  s u b s t r a t e  
c a n  h a v e  a  s i g n i f i c a n t  i n f l u e n c e  o n  t h e  a m o u n t  o f  g r o w t h  o c c u r r i n g .  T .  h a r z i a n u m  
R i f a i  R P 1 w a s  i s o l a t e d  f r o m  a g i t a t e d  c u l t u r e s ,  s u g g e s t in g  t h a t  i t  w a s  s e n s i t i v e  t o  t h e  
l e v e l  o f  o x y g e n a t i o n  i n  t h e  c u l t u r e .  N o n e  o f  t h e  f i l a m e n t o u s  f u n g i  i s o l a t e d  d u r i n g  
e n r i c h m e n t  w e r e  f o u n d  i n  n o n - a g i t a t e d  c u l t u r e s .  T h e  i n f l u e n c e  o f  t h e  l e v e l  o f  
a g i t a t i o n  u n d e r  c o n d i t i o n s  o f  o p t i m u m  p H  a n d  t e m p e r a t u r e  w a s  e x a m i n e d .  I t  w a s  
f o u n d  t o  h a v e  a n  e f f e c t  o n  t h e  r e m o v a l  o f  t a l l o w ,  b u t  a  le s s e r  e f f e c t  o n  g r o w t h  o f  R P 1 . 
T a l l o w  t e n d e d  t o  r e m a i n  i n  s m a l l e r  p i e c e s  i n  n o n - a g i t a t e d  m e d i u m .  I n  a g i t a t e d  
s y s t e m s ,  i t  f o r m e d  a g g r e g a t e s  q u i c k l y ,  p r e s e n t in g  le s s  s u r f a c e  a r e a  f o r  m i c r o b i a l  
a t t a c k .  D e s p i t e  t h is  a p p a r e n t  r e d u c t i o n  i n  b i o a v a i l a b i l i t y ,  t h e  a g i t a t e d  c u l t u r e s  t e n d e d  
t o  b e  m o r e  e f f i c i e n t ,  t h o s e  a t  1 3 0 r p m  b e i n g  s l i g h t l y  m o r e  s o  t h a n  t h e  o t h e r  s p e e d s .  A t  
t h e  l o w e r  s p e e d s ,  t h e  r e d u c e d  o x y g e n a t i o n  m a y  h a v e  b e e n  l i m i t i n g .  A t  2 0 0 r p m ,  th e  
t a l l o w  f o r m e d  l a r g e r  a g g r e g a t e s ,  w h i c h  w o u l d  h a v e  r e d u c e d  i ts  b i o a v a i l a b i l i t y  
c o m p a r e d  t o  t h e  s l o w e r  s p e e d s .  A g i t a t i o n  a t  1 3 0 r p m  w a s  t h e  s p e e d  w h e r e  t h e  a e r a t io n  
a n d  b i o a v a i l a b i l i t y  w e r e  a t  l e v e ls  t o  m a x i m i s e  r e m o v a l  o f  t h e  t a l l o w .
I n  t h e  l i t e r a t u r e ,  a s  n o t e d  e a r l i e r ,  s e v e r a l  c o n c e n t r a t io n s  o f  f a t  w e r e  u s e d  b y  d i f f e r e n t  
r e s e a r c h e r s  d u r i n g  a s s i m i l a t i o n  s t u d ie s .  T h e  c o n c e n t r a t i o n  o f  t a l l o w  m i g h t  a f f e c t  th e  
g r o w t h  a n d  i t s  o w n  r e m o v a l  b y  R P 1 .  W i t h  l e v e l s  t o o  l o w ,  s u b s t r a t e  l i m i t a t i o n  m i g h t  
o c c u r ,  b u t  i f  i t  w a s  t o o  h i g h ,  i n h i b i t i o n  m i g h t  b e  t h e  d o m i n a n t  f a c t o r .  T o  d e t e r m i n e  i f  
a n y  d i f f e r e n c e  e x i s t e d  i f  l o w e r  c o n c e n t r a t io n s  w e r e  u s e d ,  s t u d ie s  w e r e  c a r r i e d  o u t  
w i t h  1 ,  2  a n d  1 0 g / l ,  a s  w e l l  a s  2 0 g / l .  T h e  p e r c e n t a g e  r e m o v a l  w a s  h i g h e r  a t  t h e  l o w e r  
i n i t i a l  t a l l o w  c o n c e n t r a t io n s .  T h i s  i n d i c a t e d  s u b s t r a t e  o v e r l o a d i n g  w a s  o c c u r r i n g  a t  
t h e  h i g h e r  c o n c e n t r a t io n s ,  r e d u c i n g  i t s  r a t e  o f  r e m o v a l .  B i o m a s s  p r o d u c t i o n  w a s ,  
h o w e v e r ,  h i g h e r  w i t h  h i g h e r  t a l l o w  c o n c e n t r a t io n s .  A t  t h e  l o w e r  c o n c e n t r a t io n s  o f  
t a l l o w  s u b s t r a t e ,  t h e  g r o w t h  o f  R P 1  w a s  l i m i t e d .  S in c e  o p p o s in g  i n f l u e n c e s  w e r e  
a f f e c t i n g  t h e  g r o w t h  a n d  t a l l o w  r e m o v a l  b y  R P 1 ,  a n  i n - d e p t h  s t u d y  w a s  r e q u i r e d  to  
e x a m i n e  h o w  t h e s e  i n f l u e n c e s  w e r e  m a n i f e s t e d .
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T h e  g l y c e r i d e  a n d  f r e e  f a t t y  a c id  c o m p o s i t i o n s  i n  c u l t u r e s  o f  T . h a r z i a n u m  R i f a i  R P 1  
g r o w n  o n  t a l l o w  w a s  a ls o  e x a m i n e d ,  t o  d e t e r m i n e  i f  t h e  r e m o v a l  o f  a n y  o f  t h e  l i p i d  
c o m p o n e n t s  w a s  r a t e  l i m i t i n g  i n  t h e  r e m o v a l  o f  t a l l o w .  T h e  p h e n o m e n o n  o f  
i n t r a c e l l u l a r  l i p i d  a c c u m u l a t i o n  w a s  e x a m i n e d ,  to  d e t e r m i n e  i f  m e t a b o l i s m  o f  t h e  
t a l l o w  w a s  c o m p l e t e ,  a n d  t o  e x a m i n e  i f  a n y  p a r t i c u l a r  c o m p o n e n t  o f  t h e  t a l l o w  w a s  
r e s is t a n t  t o  c o m p l e t e  b r e a k d o w n .
D u r i n g  t h e  d e t a i l e d  s t u d ie s  o n  t a l l o w  u t i l i s a t i o n  b y  T . h a r z i a n u m  R i f a i  R P 1 ,  t h e  
m a j o r i t y  o f  b i o m a s s  p r o d u c t i o n  o c c u r r e d  d u r i n g  t h e  e a r l y  s ta g e s  o f  i n c u b a t i o n .  A f t e r  
d a y  4 ,  i t  s l o w e d ,  w i t h  n o  s i g n i f i c a n t  in c r e a s e  a f t e r  d a y  7  w i t h  a n y  o f  t h e  t a l l o w  
c o n c e n t r a t io n s .  V i k i n e s w a r y  e t  a l .  ( 1 9 9 7 )  n o t e d  t h a t  t h e  e x p o n e n t i a l  p h a s e  o f  g r o w t h  
o f  I  h a r z i a n u m  o n  p a l m  o i l  s lu d g e  l a s t e d  1 d a y ,  a f t e r  w h i c h  t h e  f u n g u s  r a p i d l y  
e n t e r e d  s t a t i o n a r y  p h a s e .  T h e  c u l t u r e s  w e r e  i n c u b a t e d  a t  3 0 ° C ,  w i t h  a n  i n i t i a l  m e d i u m  
p H  o f  4 . 0 .
O t h e r  s t u d ie s  h a v e  a ls o  r e p o r t e d  r e a c h i n g  t h e  s t a t i o n a r y  p h a s e  r a p i d l y ,  w h i l e  s t u d y in g  
f u n g i  o n  l i p i d  s u b s t r a t e s .  J e f f e r y  e t  a l .  ( 1 9 9 9 )  f o u n d  t h a t  M u c o r  c i r c i n e l l o i d e s  f .  
c i r c i n e l l o i d e s  r e a c h e d  s t a t i o n a r y  p h a s e  i n  a p p r o x i m a t e l y  3 d a y s ,  w h e n  g r o w n  o n  
s u n f l o w e r  o i l  w i t h  a c e t a t e .  W i t h  s u n f l o w e r  o i l  a l o n e  a t  3 0 g / l ,  g r o w t h  w a s  g r a d u a l ,  
w i t h  n o  e v i d e n t  e x p o n e n t i a l  o r  s t a t io n a r y  p h a s e .  T h e  i n c u b a t i o n  t e m p e r a t u r e  w a s  
3 0 ° C ,  w i t h  a n  i n i t i a l  c u l t u r e  p H  o f  5 . 8 .  I n  a  d i f f e r e n t  s t u d y ,  M o r d e r  e l l a  e l o n g a t a  
r e a c h e d  s t a t i o n a r y  p h a s e  o n  3 0 g / l  l i n s e e d  o i l  a f t e r  2  d a y s  ( B a j p a i  e t  a l . ,  1 9 9 2 ) .  T h e  
t e m p e r a t u r e  i n  t h i s  c a s e  w a s  2 5 ° C ,  w i t h  a n  i n i t i a l  p H  o f  6 . 1 .  W h i l e  t h e  o n s e t  o f  t h e  
s t a t i o n a r y  p h a s e  o f  R P 1  g r o w n  o n  t a l l o w  w a s  c o m p a r a b l e  t o  t h a t  o b s e r v e d  i n  o t h e r  
s t u d i e s ,  g r o w t h  is  g o v e r n e d  b y  t h e  e n v i r o n m e n t a l  c o n d i t i o n s ,  t h e  v a r i a t i o n  o f  w h i c h  
c a n  c h a n g e  t h e  l e n g t h  o f  t h e  e x p o n e n t i a l  p h a s e .
N o  r e p o r t  w a s  f o u n d  i n  t h e  l i t e r a t u r e  o f  M o n o d  k i n e t i c s  b e i n g  a p p l i e d  t o  t h e  g r o w t h  
o f  a  m i c r o o r g a n i s m  o n  a  l i p i d  s u b s t r a te .  I n  t h e  p r e s e n t  s t u d y ,  t h e  m a x i m u m  s p e c i f i c  
g r o w t h  r a t e  ( p max ) w a s  r e a c h e d  a t  t h e  c o n c e n t r a t io n s  o f  1 0  a n d  2 0 g / l  t a l l o w  s u b s t r a te .
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T h e  a d d i t i o n  o f  t a l l o w  a t  g r e a t e r  t h a n  1 0 g / l  d i d  n o t  in c r e a s e  t h e  s p e c i f i c  g r o w t h  r a t e  
o f  R P 1 .  T h e  s p e c i f i c  g r o w t h  r a t e s  w o u l d  h a v e  b e e n  l i m i t e d  b y  t h e  a s s i m i l a t i o n  o f  f r e e  
f a t t y  a c id s  i n t o  t h e  b i o m a s s ,  w h i c h  w e r e  l a t e r  s h o w n  t o  a c c u m u l a t e  e x t r a c e l l u l a r l y ,  
d e m o n s t r a t i n g  t h e i r  r e s t r i c t e d  u p t a k e  r a t e  i n t o  R P 1  b i o m a s s .  T h e  c o n c e n t r a t i o n  o f  
e x t r a c e l l u l a r  l i p i d  w a s  n o t  l i m i t i n g .  T h e  | i max d e t e r m i n e d  f o r  R P 1  g r o w n  o n  t a l l o w  
w a s  1 . 4 3 8 d a y _1 o r  0 . 0 6 h " ' ,  w h i l e  t h e  s a t u r a t i o n  c o n s t a n t  ( k s)  w a s  0 . 7 6 g / l .  O t h e r  
r e s e a r c h e r s  d e t e r m i n e d  t h e  ]_imax a n d  k s o f  f i l a m e n t o u s  f u n g i  o n  o t h e r  s u b s t r a te s .
R e s e n d e  e t  a l .  ( 2 0 0 2 )  d e s c r ib e d  m a t h e m a t i c a l l y  t h e  g r o w t h  o f  P é n i c i l l i u m  
c h r y s o g e n u m  i n  b i o r e a c t o r s  f o r  t h e  p r o d u c t i o n  o f  p e n i c i l l i n .  T h e  m e d i u m  c o n t a i n e d  a  
m i x t u r e  o f  c a r b o n  s o u r c e s ,  i n  t h e  f o r m  o f  g l y c e r o l ,  g l u c o s e  a n d  c o r n  s t e e p  l i q u o r .  
T h e i r  p max w a s  0 .1  l h ' 1, h i g h e r  t h a n  t h a t  n o t e d  f o r  R P 1  o n  t a l l o w .  T h e y  a ls o  r e p o r t e d  a  
k s o f  l X 1 0 ' 5g / l ,  w h i c h  w a s  s i g n i f i c a n t l y  l o w e r  t h a n  t h a t  c a l c u l a t e d  f o r  R P 1  o n  t a l l o w .  
T h i s  m e a n s  t h a t  P .  c h r y s o g e n u m  r e q u i r e d  a  m u c h  s m a l l e r  c o n c e n t r a t i o n  o f  t h e  m i x e d  
c a r b o n  s u b s t r a t e  t o  r e a c h  i t s  ( i max t h a n  R P 1  r e q u i r e d  t o  r e a c h  i t s  p.max o n  t a l l o w .
G a r c i a  G a r c i a  e t  a l .  ( 1 9 9 7 )  s t u d i e d  t h e  b i o d é g r a d a t i o n  o f  p h e n o l i c  c o m p o u n d s  in  
w a s t e w a t e r  f r o m  a  s u g a r  f a c t o r y  b y  A s p e r g i l l u s  t e r r e u s  a n d  G e o t r i c h u m  c a n d i d u m .  
A p p l y i n g  M o n o d  k i n e t i c s ,  t h e y  f o u n d  t h a t  t h e  jumax f o r  A .  t e r r e u s  o n  t h e  p h e n o l i c  
c o m p o u n d s  i n  t h e  w a s t e w a t e r  w a s  0 . 0 6 h _1, t h e  s a m e  a s  n o t e d  f o r  R P 1  o n  t a l l o w .  T h e  
s e c o n d  o r g a n i s m ,  G .  c a n d i d u m  h a d  a  l o w e r  )j.max o f  0 . 0 4 7 h _ l. T h e  k s f o r  A .  t e r r e u s  a n d  
G .  c a n d i d u m  w e r e  1 3 . 5 g /1  a n d  4 . 6 g / l  r e s p e c t i v e l y .  T h e s e  w e r e  v e r y  h i g h  c o m p a r e d  t o  
t h a t  o f  R P 1  o n  t a l l o w .  T h e s e  o r g a n is m s  h a d  a  h i g h e r  a f f i n i t y  f o r  t h e  p h e n o l i c  
c o m p o u n d s  t h a n  R P 1  h a d  f o r  t a l l o w .
G a r c i a  G a r c i a  e t  a l .  ( 2 0 0 0 )  u s e d  f o u r  f u n g i ,  P h a n e r o c h a e t e  c h r y s o s p o r i u m ,  
A s p e r g i l l u s  n i g e r ,  A s p e r g i l l u s  t e r r e u s  a n d  G e o t r i c h u m  c a n d i d u m  o n  a n o t h e r  
w a s t e w a t e r  c o n t a i n i n g  p h e n o l i c  c o m p o u n d s .  I n  t h i s  c a s e  t h e  w a s t e w a t e r  w a s  f r o m  a n  
o l i v e  o i l  m i l l .  W h i l e  n o  M o n o d  c o n s t a n t s  w e r e  c a l c u l a t e d  f o r  G .  c a n d i d u m ,  a s  i t  d i d
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n o t  d e g r a d e  t h e  p h e n o l i c  c o m p o u n d s  i n  t h is  c a s e ,  t h e y  w e r e  f o r  t h e  o t h e r  t h r e e  
o r g a n is m s .  T h e  | i max f o r  P .  c h r y s o s p o r i u m .  o n  t h e  p h e n o l i c  c o m p o u n d s  w a s  t h e  s a m e  
a s  f o r  R P 1  o n  t a l l o w ,  a t  O .O 6 I 1 ' 1, w h i l e  t h o s e  f o r  A .  n i g e r  a n d  A .  t e r r e u s  w e r e  s l i g h t l y  
h i g h e r ,  e a c h  a t  0 . 0 9 h f ' .  T h e  k s v a lu e s  w e r e  s i g n i f i c a n t l y  h i g h e r  t h a n  t h a t  o f  R P 1 ,  a t  
2 . 0 ,  7 . 5  a n d  4 . 0 g / l  f o r  P .  c h r y s o s p o r i u m ,  A .  n i g e r  a n d  A .  t e r r e u s  r e s p e c t i v e l y ,  b a s e d  
o n  t o t a l  o r g a n ic  c a r b o n .  A s  n o t e d  a b o v e ,  t h is  m e a n t  t h a t  t h e s e  o r g a n is m s  h a d  a  h i g h e r  
a f f i n i t y  f o r  t h e  p h e n o l i c  c o m p o u n d s  t h a n  R P 1  h a d  f o r  t a l l o w .
M o s t  o f  t h e  r e m o v a l  o f  t a l l o w  a ls o  o c c u r r e d  i n  t h e  e a r l y  s ta g e s  o f  i n c u b a t i o n  f o r  
c o n c e n t r a t io n s  o f  1 , 2  a n d  1 0 g / l .  W i t h  2 0 g / l ,  t h is  p e r i o d  o f  r a p i d  r e m o v a l  w a s  n o t  
o b s e r v e d .  H o w e v e r ,  s p e c i f i c  r e m o v a l  r a t e  w a s  n o t  r e d u c e d  w i t h  2 0 g / l  t a l l o w .  O v e r  t h e  
f i r s t  2  d a y s  o f  i n c u b a t i o n ,  t h e  m a x i m u m  s p e c i f i c  r a t e  o f  r e m o v a l  w a s  o b s e r v e d  w i t h  
a l l  f o u r  c o n c e n t r a t io n s .  T h i s  r a t e  in c r e a s e d  w i t h  in c r e a s in g  c o n c e n t r a t i o n ,  b u t  l e v e l l e d  
a t  1 0  a n d  2 0 g / l .  T h e  r e l a t i o n s h i p  b e t w e e n  s p e c i f i c  r e m o v a l  r a t e s  a n d  t a l l o w  
c o n c e n t r a t io n s  w a s  d e s c r ib e d  b y  M i c h a e l i s - M e n t e n  k i n e t i c s .  T h e  s a t u r a t i o n  c o n s t a n t  
f o r  s p e c i f i c  t a l l o w  r e m o v a l  r a t e  w a s  1 0 . 9 4 g / l .  A t  t h is  p o i n t ,  t h e  r e m o v a l  r a t e  w a s  a t  
h a l f  t h e  m a x i m u m  t h e o r e t i c a l  r a t e .  T h e r e f o r e ,  t h e  r a te s  t h e o r e t i c a l l y  c o u l d  in c r e a s e  
w i t h  t h e  a d d i t i o n  o f  c o n s i d e r a b l y  m o r e  s u b s t r a t e .  T h e  r a t e  o b s e r v e d  w i t h  2 0 g / l  t a l l o w  
w a s  4 0 g g ' 1d a y ' 1, w h i c h  w a s  l o w e r  t h a n  t h e  m a x i m u m  t h e o r e t i c a l  r a t e  o f  6 5 g g ' 1d a y ' 1. 
T h e  r a t e s  w e r e  f a v o u r a b l e  w h e n  c o m p a r e d  t o  s p e c i f i c  r e m o v a l  o f  O . S g g ^ d a y ' 1 o f  
s o y a b e a n  o i l  a c h i e v e d  b y  a  m i x e d  y e a s t  p o p u l a t i o n  ( C h i g u s a  e t  a l . , 1 9 9 6 ) .  T h i s  w a s  
t h e  o n l y  l i p i d  r e m o v a l  r a t e  b y  m ic r o o r g a n i s m s  f o u n d  i n  t h e  l i t e r a t u r e .
O n  u p t a k e  i n t o  t h e  b i o m a s s ,  f a t t y  a c id s  u n d e r w e n t  a  n u m b e r  o f  p o s s i b le  f a t e s .  T h e y  
c o u l d  h a v e  b e e n  m e t a b o l i s e d  v i a  P - o x i d a t i o n ,  b e i n g  u t i l i s e d  f o r  b i o m a s s  g r o w t h  a n d  
m a in t e n a n c e .  A l t e r n a t i v e l y ,  t h e y  c o u l d  h a v e  b e e n  i n c o r p o r a t e d ,  c h a n g e d  o r  
u n c h a n g e d ,  i n t o  s t r u c t u r a l  l i p i d s  o f  t h e  c e l l ,  o r  t h e y  c o u ld  h a v e  b e e n  s t o r e d  a s  r e s e r v e  
l i p i d s .  T . h a r z i c m u m  R i f a i  R P 1  a c c u m u l a t e d  s i g n i f i c a n t  q u a n t i t i e s  o f  i n t r a c e l l u l a r  l i p i d  
i n  i t s  b i o m a s s .  T h e  s p e c i f i c  a c c u m u l a t i o n  o f  i n t r a c e l l u l a r  l i p i d  a p p e a r e d  t o  b e  
i n d e p e n d e n t  o f  e x t r a c e l l u l a r  t a l l o w  c o n c e n t r a t io n .  S p e c i f i c  c o n c e n t r a t io n s  o f  b e t w e e n
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0 . 3 3  a n d  0 . 5 5 g g " '  w e r e  r e c o r d e d  i n  R P 1 .  T h e s e  a r e  h i g h e r  l e v e l s  t h a n  p r e v i o u s l y  
r e c o r d e d  f o r  T r i c h o d e r m a  f u n g i .  S e r r a n o - C a r r e o n  e t  a l  ( 1 9 9 2 )  r e c o r d e d  l i p i d  
a c c u m u l a t i o n  o f  0 . 2 5 g g " ’ f o r  T .  h a r z i a n u m ,  w h e n  g r o w n  w i t h  s u c r o s e  a s  t h e  c a r b o n  
s o u r c e .  T h e  s a m e  s t u d y  r e p o r t e d  0 . 3 2 g g _1 f o r  T .  v i r i d e ,  g r o w n  o n  a  g lu c o s e  b a s e d  
m e d i u m .  T . r e e s e i  w a s  t h e  s u b je c t  o f  s t u d ie s  b y  B r o w n  e t  a l .  ( 1 9 8 8 )  a n d  B r o w n  et a l . 
( 1 9 9 0 ) .  B o t h  s t u d ie s  o b s e r v e d  0 . 1 6 g g _1 l i p i d  a c c u m u l a t i o n  o n  g lu c o s e  b a s e d  m e d i a .
A l t h o u g h  i n t r a c e l l u l a r  l i p i d  a c c u m u l a t i o n  s t u d ie s  b y  T r i c h o d e r m a  f u n g i  o n  l i p i d  
s u b s t r a t e s  h a v e  n o t  b e e n  r e p o r t e d  i n  t h e  l i t e r a t u r e ,  o t h e r  f i l a m e n t o u s  f u n g i  h a v e  b e e n  
t h e  s u b je c t  o f  s u c h  e x p e r i m e n t s .  W i t h  t a l l o w  a s  t h e  c a r b o n  s o u r c e ,  B e d n a r s k i  e t  a l .  
( 1 9 9 3 )  r e c o r d e d  s p e c i f i c  a c c u m u l a t i o n  o f  b e t w e e n  0 . 3 6 g g " ’ f o r  G e o t r i c h u m  c a n d i d u m  
t o  0 . 5 0 g g ’ ' f o r  M u c o r  m i e h e i .  I n t e r e s t i n g l y ,  o n  p o u l t r y  f a t ,  t h e s e  o r g a n is m s  
a c c u m u l a t e d  0 . 3 2  a n d  0 . 3 9 g g 4  r e s p e c t i v e l y .
L i p i d  a c c u m u l a t i o n  b y  M u c o r  s p e c ie s  w a s  r e p o r t e d  b y  s e v e r a l  r e s e a r c h e r s .  T h e  
a m o u n t s  r a n g e d  f r o m  0 .2 6 g g " '  i n  M .  h i e m a l i s  ( A k h t a r  e t  a l . ,  1 9 8 3 ) ,  0 . 3 7 g g ‘ l i n  M .  
c i r c i n e l l o i d e s  ( A g g e l i s  e t  a l . ,  1 9 9 5 a ) ,  t o  a  h i g h  o f  0 . 6 2 g g _1 i n  M .  m u c e d o  ( C e r t i k  e t  a l . ,  
1 9 9 7 ) ,  a l l  o n  o i l  s u b s t r a te s .  C e r t i k  e t  a l .  a ls o  s t u d ie d  a  r a n g e  o f  o t h e r  f i l a m e n t o u s  f u n g i ,  
w i t h  a c c u m u la t io n  r a n g in g  f r o m  0 . 3 3  t o  0 . 6 6 g g _1 r e c o r d e d .  O n  s o y a b e a n  o i l ,  K o r i t a l a  e t  
a l .  ( 1 9 8 7 )  f o u n d  t h a t  A s p e r g i l l u s  f l a v u s  a c c u m u la t e d  u p  t o  0 . 5 7 g g _1. A  r a n g e  o f  o i ls  w e r e  
e x a m i n e d  b y  K e n d r i c k  a n d  R a t l e d g e  ( 1 9 9 6 ) ,  w i t h  E n t o m o p h t o r a  e x i t a l i s  s h o w in g  b o t h  
t h e  lo w e s t  a n d  h ig h e s t  l e v e ls  o f  l i p i d  o f  t h e  s t u d y .  O n  s a f f l o w e r  o i l ,  0 .2 5 g g ~ *  w a s  
a c c u m u la t e d ,  w h i l e  o n  m o r t i e r e l l a  o i l ,  0 . 4 8 g g _1 w a s  f o u n d .  M o r t i e r e l l a  e l o n g a t a  
a c c u m u la t e d  a p p r o x i m a t e l y  0 .4 0 g g " ’ w h e n  g r o w n  o n  3 0 g / l  l in s e e d  o i l  ( B a j p a i  et  a l ,  
1 9 9 2 ) .
A g g e l i s  e t  a l  ( 1 9 9 5 a )  s u g g e s t e d  t h a t  i n t r a c e l l u l a r  l i p i d  a c c u m u l a t i o n  w a s  l i n k e d  to  
t h e  e x t r a c e l l u l a r  l i p i d  c o n c e n t r a t i o n  a n d  t h e  a m o u n t  o f  f a t  f r e e  b i o m a s s .  T h i s  w a s  
b a s e d  o n  g r o w t h  o f  t h e  f i l a m e n t o u s  f u n g u s ,  M u c o r  c i r c i n e l l o i d e s ,  o n  s u n f l o w e r  o i l ,  
a n d  a  m a t h e m a t i c a l  m o d e l  w a s  d e v e l o p e d .  I t  w a s  p r o p o s e d  t h a t  i n t r a c e l l u l a r  l i p i d
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b u i l d - u p  w a s  l i n k e d  t o  a s s i m i l a t i o n  o f  e x t r a c e l l u l a r  o i l .  T h e  o i l  w a s  t a k e n  in  a t  a  r a t e  
i n  e x c e s s  o f  r e q u i r e m e n t s  f o r  g r o w t h  a n d  m a i n t e n a n c e  o f  t h e  f u n g u s .  W h e n  
e x t r a c e l l u l a r  l i p i d  w a s  e x h a u s t e d ,  t h e  l e v e l s  o f  i n t r a c e l l u l a r  l i p i d  d e c r e a s e d ,  a s  t h e  
o r g a n i s m  u t i l i s e d  i t  f o r  g r o w t h  a n d  s u r v i v a l .  T h i s  r e s e a r c h  g r o u p  l a t e r  p u b l i s h e d  a  
m o r e  a d v a n c e d  m a t h e m a t i c a l  m o d e l  b a s e d  o n  t h e  s a m e  d a t a  ( A g g e l i s  a n d  S o u r d is ,  
1 9 9 7 ) .  H o w e v e r ,  i n  t h e  c a s e  o f  a  f a t  s u b s t r a t e ,  t h e  m o d e l  w a s  n o t  d e e m e d  t o  b e  
s a t i s f a c t o r y  in  p r e d i c t i n g  t h e  a c c u m u l a t i o n  o f  i n t r a c e l l u l a r  l i p i d .  A n  a t t e m p t  t o  a p p l y  
t h e  m o d e l s  t o  t h e  g r o w t h  o f  Y a r r o w i a  l i p o l y t i c a  o n  a n i m a l  f a t  p r e s e n t e d  s o m e  
p r o b l e m s .  T h e s e  p r o b l e m s  w e r e  d u e  to  t h e  d i s c r i m i n a t i o n  a g a in s t  s t e a r ic  a c id  b y  Y. 
l i p o l y t i c a ,  a n d  f u r t h e r  m o d e l s  a r e  c u r r e n t l y  b e i n g  i n v e s t i g a t e d  w h i c h  c o n s i d e r  t h is  
d i s c r i m i n a t i o n  ( A g g e l i s ,  p e r s o n a l  c o m m u n i c a t i o n ,  2 0 0 2 ) .  A k h t a r  e t  a l .  ( 1 9 8 3 )  a ls o  
n o t e d  t h a t  i n t r a c e l l u l a r  a c c u m u l a t i o n  o c c u r r e d  d u r i n g  a c t i v e  g r o w t h  i n  M u c o r  
h i e m a l i s  g r o w n  o n  o l i v e  o i l  t r i g l y c e r i d e s .  W h e n  t h e  g r o w t h  p h a s e  w a s  o v e r ,  t h e  
c o n c e n t r a t i o n  o f  i n t r a c e l l u l a r  l i p i d s  r e d u c e d ,  a s  t h e y  w e r e  u t i l i s e d  b y  t h e  f u n g u s .
T h e  y i e l d s  o f  d r y  w e i g h t  o n  t h e  t a l l o w  s u b s t r a t e  ( Y x / S)  d e c r e a s e d  w i t h  i n c r e a s in g  
t a l l o w  c o n c e n t r a t i o n .  T h e  y i e l d s  o f  f a t - f r e e  b i o m a s s  o n  m e t a b o l i s e d  l i p i d  ( Y xfysm)  w e r e  
a ls o  e x a m i n e d .  F a t  f r e e  b i o m a s s  w a s  t h e  a m o u n t  o f  R P 1  b i o m a s s  p r o d u c e d  le s s  t h e  
i n t r a c e l l u l a r  l i p i d  a c c u m u l a t e d .  I t  r e p r e s e n t e d  t h e  a c t u a l  g r o w t h  o f  t h e  o r g a n is m ,  
w h i l e  e l i m i n a t i n g  t h e  e f f e c t  o f  t h e  l i p i d  a c c u m u l a t i o n .  A s  w i t h  Y x / S, t h e  v a lu e s  f o r  
Y x f/s m  d e c r e a s e d  w i t h  in c r e a s in g  c o n c e n t r a t io n s .  A t  t h e  h i g h e r  c o n c e n t r a t io n s  o f  
t a l l o w  t h e  g r o w t h  o f  n e w  b i o m a s s  b y  R P 1  w a s  l i m i t e d .  T h i s  i n h i b i t i o n  c o u l d  h a v e  
b e e n  c a u s e d  b y  t h e  t o x i c  e f f e c t s  o f  e x t r a c e l l u l a r  f r e e  f a t t y  a c id s ,  w h i c h  l a t e r  w e r e  
f o u n d  t o  a c c u m u l a t e  i n  t h e  c u l t u r e  m e d i u m .  T h e  v a l u e s  f o r  Y ^  a n d  Y xf/Sm w e r e  
s i m i l a r  a t  a l l  t h e  t a l l o w  c o n c e n t r a t io n s .  T h e r e f o r e  t h e  y i e l d s  o f  R P 1  w e r e  n o t  a f f e c t e d  
b y  t h e  a c c u m u l a t i o n  o f  i n t r a c e l l u l a r  l i p i d .
T h e  l i m i t e d  g r o w t h  o f  b i o m a s s  a t  h i g h e r  c o n c e n t r a t io n s  o f  s u b s t r a t e  w a s  a ls o  r e p o r t e d  
b y  W a k e l i n  a n d  F o r s t e r  ( 1 9 9 7 ) .  C o n c e n t r a t i o n s  o f  g r e a t e r  t h a n  8 g / l  o f  c o r n  o i l  w e r e  
f o u n d  t o  r e d u c e  y i e l d s  o f  a n  A c i n e t o b a c t e r  s p . a f t e r  3  d a y s .  T h e y  a ls o  o b s e r v e d  t h a t
155
y i e l d s  v a r i e d  g r e a t l y  b e t w e e n  l i p i d  s u b s t r a t e  t y p e s  a n d  s p e c ie s .  T h e  y ie ld s  o f  R P 1  o n  
t a l l o w ,  o f  0 . 3 4  t o  0 . 8 3 g g _ l, c o m p a r e d  f a v o u r a b l y  w i t h  t h o s e  f o u n d  b y  W a k e l i n  a n d  
F o r s t e r ,  w h o  r e p o r t e d  y i e l d s  o n  o i l  s u b s t r a t e s  r a n g i n g  f r o m  0 . 1 5  t o  0 . 6 7 g g _1. O t h e r  
r e s e a r c h e r s  d i d  n o t  r e p o r t  y i e l d s  o n  l i p i d  s u b s t r a te s .  A n  e x a m p l e  o f  t h e  y i e l d s  o f  
T r i c h o d e r m a  f u n g u s ,  T . v i r i d e ,  g r o w n  o n  g lu c o s e  w a s  n o t e d  b y  R o e l s  ( 1 9 8 3 ) .  T h e  
y i e l d s  o f  R P 1  w e r e  c o m p a r a b l e  t o  t h e  v a l u e s  o f  0 . 6 2  a n d  0 . 7 7  q u o t e d  b y  R o e ls .
F r o m  a  w a s t e  t r e a t m e n t  p e r s p e c t i v e ,  t h e  p e r c e n t a g e  o f  t h e  t a l l o w  r e m o v e d  f r o m  
c u l t u r e  s h o u ld  b e  a s  h i g h  a s  p o s s i b le .  H i g h  l e v e l s  o f  r e m o v a l  w e r e  a c h i e v e d  w i t h  1 
a n d  2 g / l  t a l l o w  a t  8 3 %  a n d  7 9 %  r e s p e c t i v e l y  a f t e r  1 0  d a y s .  T h e  p e r c e n t a g e  d r o p p e d  
f o r  1 0  a n d  2 0 g / l  r e m o v i n g  4 2 %  a n d  3 1 %  r e s p e c t i v e l y .  I n  t h e  w a s t e  t r e a t m e n t  s y s t e m  
o f  t h e  r e n d e r i n g  p l a n t  f r o m  w h i c h  I I I 5 1 w a s  i s o la t e d ,  t h e  r e t e n t i o n  t i m e  f o r  i n f l u e n t  
w a s t e w a t e r  w a s  a p p r o x i m a t e l y  t h r e e  d a y s .  A f t e r  t h r e e  d a y s ,  R P 1  h a d  r e m o v e d  a t  b e s t  
4 4 %  o f  t h e  t a l l o w  f r o m  b a t c h  c u l t u r e s ,  w h i c h  w a s  a d d e d  a t  lg /1 .
B e d n a r s k i  e l  a l .  ( 1 9 9 3 )  w e r e  t h e  o n l y  r e s e a r c h e r s  w h o  r e p o r t e d  t h e  g r o w t h  o f  
f i l a m e n t o u s  f u n g i  o n  a n i m a l  f a t s .  T h e y  f o u n d  u p  t o  2 3 %  r e m o v a l  o f  t a l l o w  f r o m  
s h a k e  f l a s k  c u l t u r e s  b y  t h e  f i l a m e n t o u s  f u n g u s  G e o t r i c h u m  c a n d i d u m .  T h e s e  
r e s e a r c h e r s  u s e d  a n  i n i t i a l  c o n c e n t r a t i o n  o f  3 0 g / l ,  m o n i t o r i n g  t h e  r e m o v a l  a f t e r  5  
d a y s .  A l t h o u g h  t h e  h i g h e s t  t a l l o w  c o n c e n t r a t i o n  w i t h  R P 1  w a s  2 0 g / l ,  t h e  r e m o v a l  w a s  
a p p r o x i m a t e l y  1 6 %  a f t e r  5  d a y s ,  s l i g h t l y  l o w e r  t h a n  t h a t  r e p o r t e d  f o r  G . c a n d i d u m .  
H o w e v e r ,  t h e  p e r c e n t a g e  r e m o v a l  a c h i e v e d  b y  R P 1  w a s  3 1 %  a f t e r  1 0  d a y s .  B e d n a r s k i  
a ls o  u s e d  a  s t r a i n  o f  M u c o r  m i e h e i  u n d e r  t h e  s a m e  c o n d i t i o n s ,  r e s u l t i n g  i n  a  r e m o v a l  
r a t e  o f  1 9 % ,  s i m i l a r  t o  t h e  r a t e  b y  R P 1  o v e r  5  d a y s .
N o  o t h e r  e x a m p l e  o f  f i l a m e n t o u s  f u n g a l  g r o w t h  o n  t a l l o w  h a s  b e e n  f o u n d  i n  t h e  
l i t e r a t u r e .  T h e  d e g r e e s  o f  u t i l i s a t i o n  o f  o t h e r  l i p i d s  b y  m o u l d s  h a v e  b e e n  r e p o r t e d .  
S o y a b e a n  a t  a  c o n c e n t r a t i o n  o f  4 0 m l / l  w a s  c o m p l e t e l y  a s s i m i l a t e d  b y  A s p e r g i l l u s  
f l a v u s  a f t e r  5  d a y s  ( K o r i t a l a  e t  a l . , 1 9 8 7 ) .  O t h e r  f u n g i  i n  t h is  s t u d y  d i d  n o t  r e m o v e  t h e  
o i l  a s  e f f i c i e n t l y .  F u n g i  f r o m  t h e  D e u t e r o m y c e t e s ,  t o  w h i c h  T . h a r z i a n u m  b e lo n g s ,
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r e m o v e d  f r o m  1 %  w i t h  C l a d o s p o r i u m  r e s i n a e  t o  3 8 %  w i t h  A l t e r n a r í a  s o l a n i .  
S u n f l o w e r  o i l  a t  1 0 g / l  w a s  c o m p l e t e l y  a s s i m i l a t e d  b y  M u c o r  c i r c i n e l l o i d e s  ( A g g e l i s  
e t  a l . ,  1 9 9 5 a ) .  A l s o  w i t h  s u n f l o w e r  o i l ,  a t  3 0 g / l ,  M u c o r  c i r c i n e l l o i d e s  f .  c i r c i n e l l o i d e s  
r e m o v e d  2 5 %  o f  t h e  l i p i d  a s  s o le  c a r b o n  s o u r c e  ( J e f f e r y  e t  a l . ,  1 9 9 9 ) .
B a c t e r i a  a n d  y e a s t s  h a v e  a ls o  b e e n  s t u d i e d  w i t h  r e s p e c t  t o  a s s i m i l a t i o n  o f  t a l l o w .  
T h e s e  h a v e  s h o w n  i n  c a s e s  a  g r e a t e r  r e m o v a l  a b i l i t y  t h a n  m o u l d s .  T a n  a n d  G i l l  ( 1 9 8 5 )  
c l a i m e d  9 0 %  r e m o v a l  o f  t a l l o w  o v e r  a p p r o x i m a t e l y  1 2  h o u r s ,  w i t h  t h e  y e a s t  
S a c c h a r o m y c o p s i s  l i p o l y t i c a .  H o w e v e r ,  t h e y  u s e d  a  h i g h  c o n c e n t r a t i o n  i n o c u l u m  
( 1 2 % v / v )  o f  a  c u l t u r e  a c t i v e l y  g r o w i n g  o n  o l i v e  o i l .  T h e  r e m o v a l  q u o t e d  w a s  b a s e d  
o n  d i s p e r s e d  t a l l o w ,  w i t h  a n  i n i t i a l  c o n c e n t r a t i o n  o f  1 .1  g /1 . O k u d a  e t  a l .  ( 1 9 9 1 )  
a c h i e v e d  8 0 %  r e m o v a l  o f  5 g /1  t a l l o w  o v e r  2 4  h o u r s  u s in g  a  B a c i l l u s  s p e c ie s .
V a r i o u s  l e v e l s  o f  p e r f o r m a n c e  w e r e  n o t e d  w i t h  m i x e d  c u l t u r e s  . T h e  a n a e r o b ic  r e a c t o r  
o p e r a t e d  b y  P e t r u y  a n d  L e t t i n g a  ( 1 9 9 7 )  r e m o v e d  2 2 %  o f  6 g /1  m i l k  f a t  a f t e r  2 2  d a y s .  
R e s t a u r a n t  g r e a s e  w a s  r e m o v e d  a t  g r e a t e r  t h a n  9 0 %  e f f i c i e n c y  o v e r  3 3  d a y s  i n  t h e  
s y s t e m  s t u d i e d  b y  W a k e l i n  a n d  F o r s t e r  ( 1 9 9 8 ) .  T h e  m i x e d  b a c t e r i a l  c o n s o r t i u m  
d e v e l o p e d  b y  T a n o - D e b r a h  e t  a l .  ( 1 9 9 9 )  h a d  d e g r a d e d  o i l s  a n d  f a t s  i n  t h e  r a n g e  2 4 %  
t o  7 3 %  a f t e r  7  d a y s  o n  a  r a n g e  o f  o i l s  a n d  f a t s  a t  1 0 0 g / l .
T h e  c o m p o s i t i o n  o f  t h e  e x t r a c e l l u l a r  l i p i d  w a s  o f  i n t e r e s t  t o  e x a m i n e  i f  a n y  o f  t h e  
l i p i d  c o m p o n e n t s  w e r e  r e s is t a n t  t o  b i o d e g r a d a t i o n  b y  T .  h a r z i a n u m  R i f a i  R P 1  
b i o m a s s .  I t  w a s  f o u n d  t o  b e  c o m p o s e d  o f  m a i n l y  t r i g l y c e r i d e s ,  w i t h  v a r y i n g  l e v e l s  o f  
m o n o -  a n d  d i g l y c e r i d e s  a n d  f r e e  f a t t y  a c id s .
H y d r o l y s i s  o f  t h e  t a l l o w  t r i g l y c e r i d e s  w a s  e f f i c i e n t l y  c a r r i e d  o u t  b y  T .  h a r z i a n u m  
R i f a i  R P 1  l ip a s e s .  T r i g l y c e r i d e  c o n c e n t r a t io n s  d r o p p e d  i n  p a r a l l e l  w i t h  e x t r a c e l l u l a r  
l i p i d  l e v e l s  t h r o u g h o u t  i n c u b a t i o n .  H y d r o l y s i s  o f  t h e  i n t e r m e d i a t e s  o f  t r i g l y c e r i d e  
b r e a k d o w n ,  t h e  m o n o -  a n d  d i g l y c e r i d e s ,  w a s  a ls o  e f f i c i e n t l y  c a r r i e d  o u t  b y  R P 1  
l ip a s e s .  N o  b u i l d - u p  o c c u r r e d  o f  a n y  o f  t h e  g l y c e r id e s .  A k h t a r  e t  a l .  ( 1 9 8 3 )  n o t e d  a n
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i n c r e a s e  i n  p a r t i a l  g l y c e r i d e s  i n  e x t r a c e l l u l a r  l i p i d ,  w h e n  M u c o r  h i e m a l i s  w a s  g r o w n  
o n  o l i v e  o i l  t r i g l y c e r i d e s .  T h e  t r i g l y c e r i d e s  w e r e  a d d e d  a t  1 0 g / l ,  a n d  a l t h o u g h  its  
l ip a s e s  w e r e  e f f e c t i v e  i n  t r i g l y c e r i d e  h y d r o l y s i s ,  p a r t i a l  g l y c e r i d e s  w e r e  n o t  e f f i c i e n t l y  
d e g r a d e d .  O n  a  r a n g e  o f  o r g a n is m s  s t u d i e d  b y  K o r i t a l a  e t  a l .  ( 1 9 8 7 ) ,  s o y a b e a n  o i l  w a s  
m e t a b o l i s e d  t o  f o r m  f r e e  f a t t y  a c id s  a t  v a r y i n g  c o n c e n t r a t io n s ,  a n d  t r a c e  a m o u n t s  o f  
m o n o -  a n d  d i g l y c e r i d e s .
T h e  e x t r a c e l l u l a r  h y d r o l y s i s  o f  g l y c e r i d e s  i n  c u l t u r e s  o f  R P 1  w a s  n o t  g r o w t h  l i n k e d ,  
a s  i t  c o n t i n u e d  a f t e r  g r o w t h  h a d  c e a s e d .  I t  m a y ,  h o w e v e r ,  h a v e  b e e n  d e p e n d e n t  o n  
s u b s t r a t e  c o n c e n t r a t io n s .  N o  c h a n g e  w a s  n o t i c e d  i n  t h e  c o n c e n t r a t i o n  o f  f a t t y  a c id s  
r e l e a s e d  b y  h y d r o l y s i s  f o r  1 a n d  2 g / l  t a l l o w  a f t e r  4  d a y s .  A t  t h is  s t a g e ,  t r i g l y c e r i d e s  
w e r e  h y d r o l y s e d  b y  g r e a t e r  t h a n  9 0 % .  A t  t h e  h i g h e r  c o n c e n t r a t io n s  o f  1 0  a n d  2 0 g / l  
t a l l o w ,  t h e  t r i g l y c e r i d e  c o n c e n t r a t i o n  r e m a i n e d  s u f f i c i e n t l y  h i g h  f o r  h y d r o l y s i s  to  
c o n t i n u e ,  r e a c h i n g  o n l y  6 7 %  a n d  5 7 %  r e s p e c t i v e l y  b y  d a y  1 0 .
T h e  f r e e  f a t t y  a c id s  p r o d u c e d  b y  t h i s  h y d r o l y s i s  w e r e  n o t  a s s i m i l a t e d  b y  R P 1  b i o m a s s  
a s  q u i c k l y  a s  t h e y  w e r e  p r o d u c e d  s o  a  b u i l d - u p  o c c u r r e d .  W i t h  1 a n d  2 g / l  i n i t i a l  
t a l l o w ,  t h e  b u i l d - u p  w a s  t r a n s ie n t ,  l e v e l s  d r o p p i n g  w h e n  h y d r o l y s i s  o f  t h e  g l y c e r id e s  
c e a s e d .  W i t h  1 0  a n d  2 0 g / l ,  b u i l d - u p  o c c u r r e d  t h r o u g h o u t  i n c u b a t i o n ,  t h e  r a t e  
i n c r e a s i n g  a f t e r  4  d a y s ,  w h e n  t h e  f u n g u s  h a d  e n t e r e d  s t a t i o n a r y  p h a s e .  T h i s  i n d i c a t e d  
t h a t  a s s i m i l a t i o n  o f  f a t t y  a c id s  w a s  r a t e  l i m i t i n g ,  r a t h e r  t h a n  t h e  h y d r o l y s i s  o f  t h e  
g l y c e r i d e s .  I t  w a s  n o t e d  e a r l i e r  a ls o  t h a t  t h e  s t a t io n e r y  p h a s e  w a s  r e a c h e d  a f t e r  7  d a y s  
w i t h  1 0  a n d  2 0 g / l  t a l l o w ,  a l t h o u g h  t h e  s u b s t r a t e  w a s  n o t  e x h a u s t e d .  T h e  b u i l d u p  o f  
f r e e  f a t t y  a c id s  e x t r a c e l l u l a r l y  c o u l d  h a v e  h a d  a n  i n h i b i t o r y  e f f e c t  o n  t h e  g r o w t h  o f  
R P 1 .
T h e  e x t r a c e l l u l a r  a c c u m u l a t i o n  o f  f r e e  f a t t y  a c id s  w a s  n o t  u n i q u e  t o  R P 1  g r o w n  o n  
t a l l o w .  T h i s  p h e n o m e n o n  h a s  b e e n  r e p o r t e d  b y  s e v e r a l  r e s e a r c h e r s .  A  t o x i c  e f f e c t  o f  
f a t t y  a c id s  w a s  s u g g e s t e d  b y  W a k e l i n  a n d  F o r s t e r  ( 1 9 9 7 ) ,  w h o  a ls o  n o t i c e d  a  f r e e  
f a t t y  a c i d  a c c u m u l a t i o n  e x t r a c e l l u l a r l y .  T h e i r  s u b s t r a te s  w e r e  o i l  a t  8 g / l ,  s t u d y in g
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s e v e r a l  f i l a m e n t o u s  b a c t e r i a  o v e r  a  p e r i o d  o f  8  d a y s .  F r e e  f a t t y  a c i d  a c c u m u l a t i o n  w a s  
a ls o  o b s e r v e d  i n  a  r a n g e  o f  f u n g i ,  s o m e t i m e s  a c c o u n t i n g  f o r  m o r e  t h a n  9 0 %  o f  
e x t r a c e l l u l a r  l i p i d  b y  K o r i t a l a  e t  a l .  ( 1 9 8 7 ) .  J e f f e r y  et  a l .  ( 1 9 9 9 )  o b s e r v e d  t h e  
a c c u m u l a t i o n  o f  e x t r a c e l l u l a r  f a t t y  a c id s ,  w i t h  M u c o r  c i r c i n e l l o i d .e s  f .  c i r c i n e l l o i d e s  
g r o w n  o n  3 0 g / l  s u n f l o w e r  o i l .  C o n c e n t r a t i o n s  in c r e a s e d  r a p i d l y  o v e r  t h e  f i r s t  3  d a y s ,  
r e m a i n i n g  h i g h  t o  t h e  e n d  o f  i n c u b a t i o n  a f t e r  7  d a y s .  T h e y  s u g g e s t e d  t h a t  g r o w t h  w a s  
l i m i t e d  b y  m e t a b o l i s m  o f  f r e e  f a t t y  a c id s  r a t h e r  t h a n  h y d r o l y s i s  o f  g l y c e r i d e s .  S e v e r a l  
y e a s t  s p e c ie s  a c c u m u l a t e d  f r e e  f a t t y  a c id s  e x t r a c e l l u l a r l y  o n  a  2 0 g / l  s o y b e a n  s u b s t r a te  
o v e r  7  d a y s ,  i n  a  s t u d y  b y  C h i g u s a  e t  a l .  ( 1 9 9 6 ) .
T h e  a c c u m u l a t i o n  o f  l o n g  c h a in  f r e e  f a t t y  a c id s  w a s  a ls o  n o t e d  i n  a n a e r o b i c  b a t c h  
d i g e s t o r s  w i t h  s h e e p  t a l l o w  a s  t h e  c a r b o n  s o u r c e  ( B r o u g h t o n  e t  a l . ,  1 9 9 8 ) .  T h e  t a l l o w  
w a s  p r e s e n t e d  a t  c o n c e n t r a t io n s  o f  5 ,  1 0  a n d  2 0 g / l .  T h e  r e m o v a l  o f  f r e e  f a t t y  a c id s  
f r o m  t h e  w a s t e  s t r e a m  p r e s e n t e d  a  s i g n i f i c a n t  p r o b l e m  i n  t h e  d i g e s t o r s .  F o r  5 g / I ,  
a c c u m u l a t i o n  p e r s is t e d  f o r  a p p r o x i m a t e l y  1 0  d a y s  a t  m e s o p h i l i c ,  a n d  6 0  d a y s  a t  
t h e r m o p h i l i c  t e m p e r a t u r e s .  A t  1 0 g / l ,  a p p r o x i m a t e l y  3 0  d a y s  a t  m e s o p h i l i c  a n d  7 0  
d a y s  a t  t h e r m o p h i l i c  t e m p e r a t u r e s  w e r e  r e q u i r e d  f o r  f r e e  f a t t y  a c i d  r e m o v a l .  A t  2 0 g / l  
t a l l o w ,  l o n g  c h a i n  f a t t y  a c id s  a c c u m u l a t e d  t o  h i g h e r  c o n c e n t r a t io n s ,  a n d  f o r  lo n g e r  
p e r io d s .  A t  m e s o p h i l i c  t e m p e r a t u r e s ,  a p p r o x i m a t e l y  5 0  d a y s  w e r e  r e q u i r e d  t o  d e g r a d e  
t h e  f a t t y  a c id s ,  w h i l e  a t  t h e r m o p h i l i c  t e m p e r a t u r e s ,  t h e y  d i d  n o t  d e g r a d e  a n d  p e r s is t e d  
f o r  t h e  1 0 0  d a y s  o f  in c u b a t i o n .  I n  t h e  a n a e r o b i c  e x p e r i m e n t s  c a r r i e d  o u t  b y  H a n a k i  et  
a l .  ( 1 9 8 1 ) ,  t h e  h y d r o l y s i s  o f  m i l k  f a t  r e a d i l y  o c c u r r e d ,  b u t  t h e  r e s u l t i n g  f r e e  f a t t y  
a c id s  i n h i b i t e d  t h e  b i o l o g i c a l  a c t i v i t y  i n  t h e  b io m a s s .
B e c k e r  e t  a l .  ( 1 9 9 9 )  n o t e d  a  b u i l d - u p  o f  f a t t y  a c id s  w h e n  t h e  c o n c e n t r a t i o n  o f  o l i v e  
o i l  i n  a  b i o r e a c t o r  w a s  in c r e a s e d  a b o v e  4 g / l .  T h e  b i o m a s s  o f  t h e  o r g a n i s m ,  B a c i l l u s  
t h e r m o l e o v o r a n s , e x p e r i e n c e d  a  t o x i c  r e a c t i o n ,  a n d  c e l l  n u m b e r s  d e c r e a s e d  
d r a m a t i c a l l y .  F u r t h e r  i n v e s t i g a t i o n  r e v e a l e d  i n h i b i t i o n  o f  g r o w t h  i n  t h e  p r e s e n c e  o f  
0 . 1  t o  0 . 1 5 g /1  o l e i c  a c id .
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O n  t h e  o t h e r  h a n d ,  A g g e l i s  e t  a l .  ( 1 9 9 5 a )  d i d  n o t  n o t e  a n y  a c c u m u l a t i o n  o f  f r e e  f a t t y  
a c id s  e x t r a c e l l u l a r l y  d u r i n g  t h e  g r o w t h  o f  M u c o r  c i r c i n e l l o i d e s  o n  s u n f l o w e r  o i l .  I n  
t h e i r  s t u d y ,  1 0 g / l  o f  t h e  o i l  w a s  c o m p l e t e l y  u t i l i s e d  b y  t h e  f u n g u s  w i t h i n  5 d a y s .
I n  t h e  p r e s e n t  w o r k ,  t h e  a c c u m u l a t i o n  o f  f r e e  f a t t y  a c id s  w a s  p r o b l e m a t i c  d u r i n g  th e  
b i o d é g r a d a t i o n  o f  l i p i d s ,  a s  t h e i r  a s s i m i l a t i o n  w a s  r a t e  l i m i t i n g .  T h e  c o m p o n e n t  f a t t y  
a c id s  m i g h t  b e  a  f a c t o r  i n  t h is  l i m i t a t i o n ,  w i t h  s o m e  f a t t y  a c id s  b e i n g  m o r e  r e s is t a n t  to  
a s s i m i l a t i o n  t h a n  o t h e r s .  T h e r e f o r e ,  t h e  f a t t y  a c id  c o m p o s i t io n s  o f  t h e  e x t r a c e l l u l a r  
g l y c e r i d e s  a n d  f r e e  f a t t y  a c id s  w e r e  s t u d i e d .
T h e  m a i n  f a t t y  a c id s  i n  m o n o - ,  d i -  a n d  t r i g l y c e r i d e s  a n d  i n  f r e e  f a t t y  a c id s  d u r i n g  
g r o w t h  o f  R P 1  o n  t a l l o w  w e r e  p a l m i t i c ,  s t e a r ic  a n d  o l e i c  a c id s .  M y r i s t i c  a n d  l i n o l e i c  
a c id s  w e r e  p r e s e n t ,  b u t  o n l y  a t  v e r y  l o w ,  a n d  s o m e t im e s  u n d e t e c t a b l e ,  c o n c e n t r a t io n s .  
N o n e  o f  t h e  f a t t y  a c id s  p r e s e n t  d i s p l a y e d  r e s is t a n c e  t o  h y d r o l y s i s  f r o m  t h e  g l y c e r id e s .  
A l s o ,  a s s i m i l a t i o n  o f  t h e  f r e e  f a t t y  a c id s  w a s  n o n - s p e c i f i c .  T h e  a c c u m u l a t i o n  o f  f r e e  
f a t t y  a c id s  e x t r a c e l l u l a r l y  t h e r e f o r e  d i d  n o t  a p p e a r  t o  b e  d u e  t o  t h e  r e s is t a n c e  o f  a  
p a r t i c u l a r  f a t t y  a c i d  o r  t y p e  o f  f a t t y  a c id  t o  a s s i m i l a t i o n  b y  R P 1  b i o m a s s .
T h e  o v e r a l l  s p e c i f i c  r e m o v a l  r a t e s  i n d i c a t e d  t h a t  o l e i c  a c id  w a s  a s s i m i l a t e d  a t  a  h i g h e r  
r a t e  t h a n  p a l m i t i c  o r  s t e a r ic  a c id s .  H o w e v e r ,  t h is  m a y  b e  d u e  t o  o l e i c  a c id  b e in g  
p r e s e n t  a t  h i g h e r  c o n c e n t r a t io n s  i n  e x t r a c e l l u l a r  l i p i d .  I t  a c c o u n t e d  f o r  a p p r o x i m a t e l y  
4 0 %  o f  f a t t y  a c id s  i n  t a l l o w ,  w h i l e  s t e a r ic  w a s  2 8 %  a n d  p a l m i t i c  w a s  2 4 % .  F r e e  f a t t y  
a c id s  w e r e  a s s i m i l a t e d  b y  t h e  b i o m a s s ,  h a v i n g  b e e n  p r o d u c e d  b y  g l y c e r i d e  
h y d r o l y s i s .  H o w e v e r ,  t h e  s u b s t r a t e  b e i n g  a s s i m i l a t e d ,  t h e  f r e e  f a t t y  a c id s ,  w a s  b e in g  
p r o d u c e d  d u r i n g  i n c u b a t i o n  b y  g l y c e r i d e  h y d r o l y s i s ,  m a k i n g  r a t e  c o m p a r is o n s  le s s  
a c c u r a t e .  A l s o ,  i t  h a s  b e e n  r e p o r t e d  t h a t  n o  d i s c r i m i n a t i o n  is  s h o w n  b y  f u n g i  d u r i n g  
a s s i m i l a t i o n  o f  f r e e  f a t t y  a c id s  ( J e f f e r y  e t  a l . ,  1 9 9 9 ,  K o r i t a l a  e t  a l . ,  1 9 8 7 ) .  O n  t h e  
o t h e r  h a n d ,  A g g e l i s  e t  a l .  ( 1 9 9 7 )  f o u n d  t h a t  a  r a n g e  o f  m i c r o o r g a n i s m s  p r e f e r e n t i a l l y  
a s s i m i l a t e d  u n s a t u r a t e d  f a t t y  a c id s  f r o m  e v e n i n g  p r i m r o s e  o i l .  D u e  t o  t h e  u n e q u a l
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c o n c e n t r a t io n s  o f  t h e  m a i n  f a t t y  a c id s ,  f u r t h e r  s t u d ie s  o n  t h e  r e l a t i v e  u p t a k e  o f  
p a l m i t i c ,  s t e a r ic  a n d  o l e i c  a c id s  b y  R P 1  w e r e  d e s i r a b l e .
M i c h a e l i s - M e n t e n  k i n e t i c s  w e r e  a g a i n  a p p l i e d  t o  t h e  r e l a t i o n s h i p  b e t w e e n  t h e  s p e c i f i c  
r e m o v a l  r a t e s  a n d  t h e  t a l l o w  c o n c e n t r a t io n s .  T h e  s a t u r a t i o n  c o n s t a n t s  f o r  p a l m i t i c ,  
s t e a r ic  a n d  o l e i c  a c id s  w e r e  i n  t h e  r a n g e  o f  1 0 . 6  -  1 1 . 0 g / l ,  w h i c h  w a s  s i m i l a r  t o  t h a t  
f o r  t a l l o w .  T h o s e  f o r  m y r i s t i c  a n d  l i n o l e i c  a c id s  w e r e  8 . 8  -  8 . 9 g / l .  T h e  a f f i n i t y  o f  R P 1  
f o r  t a l l o w  w a s  d e t e r m i n e d  b y  i ts  a f f i n i t y  f o r  t h e  m a i n  f a t t y  a c id s  p r e s e n t  i n  t h e  t a l l o w .
F r e e  f a t t y  a c id s  w e r e  t h e  p r e d o m i n a n t  c o m p o n e n t  o f  i n t r a c e l l u l a r  l i p i d s  w i t h  1 a n d  
2 g / l  t a l l o w .  T r i g l y c e r i d e s  m a d e  a  c o n t r i b u t i o n ,  b u t  w e r e  m o r e  s i g n i f i c a n t  w i t h  1 0  a n d  
2 0 g / l  t a l l o w .  T r i g l y c e r i d e  s y n t h e s is  c e a s e d  a f t e r  7  d a y s ,  w h i c h  m a y  i n d i c a t e  t h a t  i t  
w a s  d e p e n d e n t  o n  g r o w t h  o f  R P 1 ,  w h i c h  w o u l d  h a v e  b e e n  r e d u c e d  i n  t h e  s t a t io n a r y  
p h a s e  o f  g r o w t h .  S i m i l a r  i n t r a c e l l u l a r  c o m p o s i t i o n  w a s  n o t e d  b y  K o r i t a l a  e t  a l .  
( 1 9 8 7 ) .  T h e  f u n g u s  A m y l o m y c e s  r o u x i i  a c c u m u l a t e d  m o s t l y  f r e e  f a t t y  a c id s  
i n t r a c e l l u l a r l y  ( > 8 0 % )  w h e n  g r o w n  o n  s o y b e a n  o i l .
T h e  m a i n  f a t t y  a c id s  a c c u m u l a t e d  i n  t h e  i n t r a c e l l u l a r  l i p i d  w e r e  p a l m i t i c ,  s t e a r ic  a n d  
o l e i c  a c id s ,  t h e  m a i n  c o m p o n e n t s  o f  t h e  t a l l o w  s u b s t r a te .  A t  t h e  l o w e r  c o n c e n t r a t io n s  
o f  1 a n d  2 g / l  t a l l o w ,  s t e a r ic  a c i d  w a s  i n c o r p o r a t e d  in t o  t h e  t r i g l y c e r i d e s  a t  s l i g h t l y  
h i g h e r  c o n c e n t r a t io n s  t h a n  o l e i c  o r  p a l m i t i c  a c id s .  T h e r e  w a s  n o  p r e f e r e n c e  i n  t h e  
c o m p o s i t i o n  o f  f r e e  f a t t y  a c id s .  A t  t h e  h i g h e r  c o n c e n t r a t io n s ,  t h e  p r e f e r e n c e  f o r  
s t e a r ic  i n  t r i g l y c e r i d e  f a t t y  a c id s  w a s  n o t  a s  a p p a r e n t .  A l s o ,  n o  p r e f e r e n c e  w a s  e v i d e n t  
i n  f r e e  f a t t y  a c i d  c o m p o n e n t s  a t  e i t h e r  c o n c e n t r a t io n .
O v e r a l l ,  t h e  s p e c i f i c  f a t t y  a c id  c o n c e n t r a t io n s  i n d i c a t e d  t h a t  n o  p r e f e r e n c e  f o r  t h e  
a c c u m u l a t i o n  o f  a  p a r t i c u l a r  f a t t y  a c i d  o c c u r r e d .  H o w e v e r ,  o l e i c  a c id  w a s  p r e s e n t  a t  
h i g h e r  c o n c e n t r a t io n s  i n  t h e  t a l l o w ,  b u t  w a s  n o t  a c c u m u l a t e d  i n  g r e a t e r  
c o n c e n t r a t io n s .  A l s o ,  n o  f a t t y  a c id s  w e r e  d e t e c t e d  i n t r a c e l l u l a r l y  t h a t  w e r e  n o t  p r e s e n t
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i n  t a l l o w .  T h e r e f o r e ,  s i g n i f i c a n t  m o d i f i c a t i o n  o f  a s s i m i l a t e d  f a t t y  a c id s  w a s  n o t  
o c c u r r i n g .
T h i s  w a s  a ls o  n o t e d  b y  o t h e r  r e s e a r c h e r s .  K e n d r i c k  a n d  R a t l e d g e  ( 1 9 9 6 )  f o u n d  t h a t  
t h e  i n t r a c e l l u l a r  f a t t y  a c id  c o m p o s i t i o n  i n  s e v e r a l  f i l a m e n t o u s  f u n g i  c l o s e l y  r e s e m b l e d  
t h e  s u b s t r a t e  o i l s .  T h e y  h y p o t h e s is e d  t h a t  f a t t y  a c id s  w e r e  a c c u m u l a t e d  d i r e c t l y  in t o  
t h e  i n t r a c e l l u l a r  l i p i d s  w i t h o u t  a n y  c h a n g e s .  N o  p r e f e r e n c e  f o r  t h e  u t i l i s a t i o n  o f  a  
p a r t i c u l a r  f a t t y  a c id  w a s  n o t e d .  M o d i f i c a t i o n  o f  t h e  f a t t y  a c id s  w a s  a ls o  n o t  o b s e r v e d .  
T h e y  p o s t u l a t e d  t h a t  f a t t y  a c id  e lo n g a s e s  a n d  d e s a t u r a s e s  w e r e  s u p p r e s s e d  b y  t h e  f a t t y  
a c id s  t a k e n  i n t o  t h e  f u n g a l  c e l ls ,  r e s u l t i n g  i n  t h e  i n t r a c e l l u l a r  l i p i d  r e s e m b l i n g  t h e  
s u b s t r a t e  l i p i d .
K o r i t a l a  e t  a l .  ( 1 9 8 7 )  f o u n d  t h a t  w i t h  A s p e r g i l l u s  f l a v u s , t h e  i n t r a c e l l u l a r  l i p i d  
c o m p o s i t i o n  c h a n g e d  f r o m  t h a t  o f  t h e  s u b s t r a t e ,  w h e n  g r o w n  o n  s o y b e a n  o i l .  
H o w e v e r ,  t h e  c o m p o s i t i o n  o f  t h e  f r e e  f a t t y  a c id  f r a c t i o n  i n t r a c e l l u l a r l y  r e s e m b l e d  t h a t  
o f  e x t r a c e l l u l a r  f r e e  f a t t y  a c id s .  S in c e  n o  p r e f e r e n c e  is  s h o w n  i n  a b s o r b i n g  f r e e  f a t t y  
a c id s ,  t h i s  w a s  n o t  u n e x p e c t e d .
I n  t a l l o w ,  o l e i c  a c id  w a s  p r e s e n t  i n  h i g h e r  c o n c e n t r a t io n s  t h a n  t h e  s a t u r a t e d  a c id s ,  
p a l m i t i c  a n d  s t e a r ic  a c id .  A s  n o t e d  a b o v e ,  o l e i c  a c c o u n t e d  f o r  4 0 %  o f  f a t t y  a c id s  i n  
t a l l o w ,  w h i l e  s t e a r ic  a n d  p a l m i t i c  a c id s  w e r e  a t  2 8 %  a n d  2 4 %  r e s p e c t i v e l y .  A l s o ,  
e x t r a c e l l u l a r  f r e e  f a t t y  a c id s  a v a i l a b l e  t o  t h e  f u n g u s  w e r e  p r o d u c e d  d u r i n g  i n c u b a t i o n  
o f  R P 1  o n  t a l l o w  b y  g l y c e r i d e  h y d r o l y s i s .  T h e  d i f f e r e n c e s  i n  m e t a b o l i s m  o f  f a t t y  
a c id s  m a y  t h e r e f o r e  n o t  h a v e  b e e n  a p p a r e n t  d u r i n g  b i o d é g r a d a t i o n  o f  t a l l o w .  I n  o r d e r  
t o  d e t e r m i n e  i f  d i f f e r e n c e s  e x is t e d  b e t w e e n  t h e  m a i n  f a t t y  a c id s  o f  t a l l o w ,  R P 1  w a s  
g r o w n  w i t h  a  m i x t u r e  o f  t h e  t h r e e  f a t t y  a c id s  a s  t h e  c a r b o n  s o u r c e .  T h e  f a t t y  a c id s  
w e r e  a d d e d  i n  a p p r o x i m a t e l y  e q u a l  q u a n t i t i e s ,  s o  d i f f e r e n c e s  i n  a s s i m i l a t i o n  r a t e s ,  
a c c u m u l a t i o n  l e v e l s  a n d  m e t a b o l i s m  w o u l d  b e  c le a r e r .
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A s  w a s  t h e  c a s e  w i t h  t a l l o w  a s  t h e  s u b s t r a t e ,  t h e r e  h a v e  b e e n  n o  p u b l i s h e d  r e p o r t s  o f  
T .  h a r z i a n u m  g r o w n  w i t h  f a t t y  a c i d  s u b s t r a t e s .  H o w e v e r ,  T r i c h o d e r m a  v i r i d e  w a s  
i s o l a t e d  f r o m  s o i l  s a m p le s  e n r ic h e d  w i t h  o l e i c  a c id  a s  a  s o le  s o u r c e  o f  c a r b o n  a n d  
e n e r g y ,  b u t  n o t  s a t u r a t e d  f a t t y  a c id s .  A  d i f f e r e n t  T r i c h o d e r m a  s p e c ie s ,  T .  k o n i n g i i  w a s  
i s o l a t e d  f r o m  e n r i c h m e n t s  w i t h  m y r i s t i c  a n d  p a l m i t i c  a c id s  a s  t h e  s o le  c a r b o n  s o u r c e s ,  
b u t  n o t  w i t h  o l e i c  a c id .  F u r t h e r  s t u d ie s  o n  t h e  u t i l i s a t i o n  o f  f a t t y  a c id s  b y  th e s e  
s p e c ie s  w a s  n o t  c a r r i e d  o u t ,  a s  o t h e r  f u n g i ,  i n c l u d i n g  s e v e r a l  A s p e r g i l l u s ,  F u s a r i u m  
a n d  P a e c i l o m y c e s  s p e c ie s ,  w e r e  f o u n d  t o  h a v e  b e t t e r  g r o w t h  a n d  w e r e  s e le c t e d  f o r  
d e t a i l e d  e x a m i n a t i o n .  T h e s e  o t h e r  f u n g i  w e r e  e x a m i n e d  w i t h  r e s p e c t  t o  t h e i r  g r o w t h  
o n  m y r i s t i c ,  p a l m i t i c ,  s t e a r ic  a n d  o l e i c  a c id s ,  a n d  t h e  c o m p o s i t i o n  o f  i n t r a c e l l u l a r  l i p i d  
( R a d w a n  a n d  S o l i m a n ,  1 9 8 8 ) .
I n  a n o t h e r  s t u d y ,  a  T r i c h o d e r m a  s p e c ie s  w a s  g r o w n  o n  g l u c o s e  i n  t h e  p r e s e n c e  o f  
f a t t y  a c id  m e t h y l  e s te r s ,  d e m o n s t r a t i n g  b i o c o n v e r s i o n  o f  t h e  m e t h y l  e s t e r  o f  
p a l m i t o l e i c  a c id  ( C l 6 : 1 )  t o  9 , 1 2  h e x a d e c a d i e n o i c  a c i d  ( C 1 6 : 2 ) .  T h i s  s t u d y  a ls o  w a s  
e x a m i n i n g  t h e  c o m p o s i t i o n  o f  i n t r a c e l l u l a r  l i p i d ,  w i t h  l i m i t e d  d a t a  o n  g r o w t h  o r  
u t i l i s a t i o n  o f  t h e  c a r b o n  s o u r c e s  ( S h i r a s a k a  e t  a l . , 1 9 9 8 ) .
T h e  g r o w t h  o f  T .  h a r z i a n u m  R i f a i  R P 1 o n  t h e  f a t t y  a c id  m i x t u r e  w a s  r a p i d  a f t e r  a  l a g  
o f  1 d a y .  S t a t i o n a r y  p h a s e  w a s  r e a c h e d  w i t h  0 . 1 2 g / l  a f t e r  4  d a y s ,  w h i l e  w i t h  t h e  o t h e r  
c o n c e n t r a t io n s ,  i t  w a s  n o t  r e a c h e d  u n t i l  a f t e r  7  d a y s .  T h i s  w a s  d u e  t o  t h e  l i m i t a t i o n  o f  
t h e  f a t t y  a c i d  s u b s t r a t e s  w i t h  0 . 1 2 g / l  i n i t i a l l y ,  w h e r e  c o n c e n t r a t io n s  r a p i d l y  d r o p p e d  
o v e r  t h e  f i r s t  4  d a y s  o f  in c u b a t i o n .  A t  t h e  h i g h e r  c o n c e n t r a t io n s ,  s u b s t r a t e  
c o n c e n t r a t io n s  d i d  n o t  d r o p  t o  c r i t i c a l l y  l o w  c o n c e n t r a t io n s  d u r i n g  in c u b a t i o n .
T h e  s p e c i f i c  g r o w t h  r a t e s  o f  R P 1  w e r e  s i m i l a r  f o r  a l l  t h e  c o n c e n t r a t io n s  s t u d i e d ,  a t  
0 .1  d a y ' 1. T h e s e  r a t e s  w e r e ,  h o w e v e r ,  s i g n i f i c a n t l y  l o w e r  t h a n  t h o s e  o b s e r v e d  o n  t h e  
t a l l o w  s u b s t r a t e ,  w h e r e  i t  r a n g e d  f r o m  0 . 8  t o  1 . 4 d a y ' ’ . T h e  C : N  r a t io s  d i f f e r e d  i n  t h e  
t w o  s y s t e m s ,  w h i c h  w o u l d  g i v e  d i f f e r e n t  g r o w t h  r a t e s .  W i t h  t h e  t a l l o w  s u b s t r a t e ,  t h e
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C : N  r a t i o  w a s  i n  t h e  r a n g e  o f  1 .9 : 1  w i t h  l g / 1  t o  3 8 : 1  w i t h  2 0 g / l .  W i t h  t h e  f a t t y  a c id  
m i x t u r e  a s  t h e  s u b s t r a t e ,  t h e s e  r a t io s  w e r e  0 . 0 6 : 1  f o r  0 . 1 2 g /1  t o  0 . 9 : 1  f o r  1 . 8 0 g / l .
A l s o ,  m o r e  b i o m a s s  w a s  a p p a r e n t l y  p r o d u c e d  w i t h  t h e  h i g h e r  s u b s t r a t e  
c o n c e n t r a t io n s .  H o w e v e r ,  i t  w a s  n o t e d  t h a t  l i p i d  a c c u m u l a t i o n  w a s  m o r e  s i g n i f i c a n t  
w i t h  t h e  h i g h e r  c o n c e n t r a t io n s ,  w i t h  i n t r a c e l l u l a r  l i p i d  a c c o u n t i n g  f o r  u p  t o  4 7 %  o f  
d r y  w e i g h t  w i t h  1 . 8 0 g / l  f a t t y  a c id s .  A l t h o u g h  t h e  y i e l d s  o f  t o t a l  b i o m a s s  o n  s i ib s t r a t e  
r e m o v e d  ( Y x / S)  w e r e  s i m i l a r ,  t h e  y i e l d  o f  f a t  f r e e  b i o m a s s  o n  m e t a b o l i s e d  l i p i d  ( Y Xfysm)  
r e v e a l e d  t h a t  t h e  p r o d u c t i o n  o f  f a t  f r e e  b i o m a s s  f r o m  t h e  s u b s t r a t e  w a s  a c t u a l l y  v e r y  
l o w  w i t h  0 . 7 5  a n d  1 . 8 0 g / l  f a t t y  a c id s .  I n c r e a s i n g  t h e  f a t t y  a c id  c o n c e n t r a t i o n  r e d u c e d  
t h e  p r o d u c t i o n  o f  f a t  f r e e  b i o m a s s  i n  f a v o u r  o f  a c c u m u l a t i o n  o f  l i p i d  i n t r a c e l l u l a r l y .  A  
t o x i c  e f f e c t  o f  i n t r a c e l l u l a r  f r e e  f a t t y  a c id s  m a y  h a v e  i n h i b i t e d  b i o m a s s  g r o w t h ,  
i n d u c i n g  s t a t i o n a r y  p h a s e  p r i o r  t o  e x h a u s t i o n  o f  t h e  s u b s t r a t e .  T h i s  i n h i b i t i o n  w a s  le s s  
w i t h  t h e  t a l l o w  s u b s t r a t e ,  w h e r e  t h e  v a lu e s  f o r  Y x / s w e r e  s i m i l a r  t o  t h o s e  o f  Y xf /sm. T h e  
b u i l d u p  o f  i n t r a c e l l u l a r  f r e e  f a t t y  a c id s  in  R P 1  w a s  n o t  a s  r a p i d  o n  t a l l o w ,  w h i c h  
w o u l d  h a v e  r e d u c e d  t h e  t o x i c  e f f e c t  i n  t h e  e a r l y  s t a g e s  o f  i n c u b a t i o n ,  a l l o w i n g  g r o w t h  
t o  o c c u r .  T h e  f r e e  f a t t y  a c id s  in  t h e  t a l l o w  w o u l d  h a v e  h a d  r e d u c e d  b i o a v a i l a b i l i t y ,  
d u e  t o  t h e  s o l i d  n a t u r e  o f  t h e  t a l l o w  a n d  i t s  t e n d e n c y  t o  f o r m  a g g r e g a t e s .
T h e  p e r c e n t a g e  r e m o v a l  o f  t h e  f a t t y  a c id  m i x t u r e  w a s  v e r y  h i g h  a t  a  c o n c e n t r a t i o n  o f  
0 . 1 2 g / l ,  w i t h  a l m o s t  c o m p l e t e  r e m o v a l  ( 9 7 % ) .  A s  t h e  c o n c e n t r a t i o n  i n c r e a s e d ,  t h e  
p e r c e n t a g e  r e m o v a l  d e c r e a s e d ,  w i t h  o n l y  7 3 % ,  6 1 %  a n d  4 3 %  a c h i e v e d  w i t h  0 . 3 6 ,  
0 . 7 5  a n d  1 . 8 0 g / l  r e s p e c t i v e l y .  A t  0 . 1 2 g / l ,  t h e  p e r c e n t a g e  r e m o v a l  o f  t h e  i n d i v i d u a l  
f a t t y  a c id s  w a s  g r e a t e r  t h a n  9 5 %  i n  a l l  c a s e s . A t  t h e  h i g h e r  c o n c e n t r a t io n s ,  d i f f e r e n c e s  
e m e r g e d  b e t w e e n  t h e  r e m o v a l s  o f  o l e i c  a c i d  a n d  t h e  s a t u r a t e d  a c id s ,  p a l m i t i c  a n d  
s t e a r ic  a c id .  T h e  p e r c e n t a g e  r e m o v a l  o f  o l e i c  a c id  w a s  h i g h e r  t h a n  t h e  o t h e r s ,  th e  
d i f f e r e n c e  b e c o m i n g  g r e a t e r  a s  t h e  c o n c e n t r a t i o n  in c r e a s e d .  A t  t h e  h i g h e s t  
c o n c e n t r a t i o n  o f  1 . 8 0 g / l ,  o l e i c  a c id  w a s  r e m o v e d  b y  7 9 %  a f t e r  1 0  d a y s ,  w h i l e  
p a l m i t i c  a n d  s t e a r ic  w e r e  o n l y  r e m o v e d  b y  2 8 %  a n d  2 5 %  r e s p e c t i v e l y .
164
H o w e v e r ,  a l l  t h r e e  f a t t y  a c id s  w e r e  r e m o v e d  a t  s i m i l a r  s p e c i f i c  r e m o v a l  r a t e s .  W h i l e  
o l e i c  a c id  w a s  r e m o v e d  f r o m  t h e  b e g i n n i n g  o f  i n c u b a t i o n  a t  a l l  t h e  c o n c e n t r a t io n s ,  a  
l a g  w a s  m o r e  e v i d e n t  f o r  t h e  s a t u r a t e d  a c id s  a s  t h e  c o n c e n t r a t io n s  in c r e a s e d .  A  s l i g h t  
r i s e  i n  t h e i r  c o n c e n t r a t io n s  w a s  a ls o  n o t e d  i n  s o m e  c a s e s .  T h i s  m a y  h a v e  b e e n  d u e  t o  
d e s a t u r a t i o n  o f  o l e i c  a c i d  t o  s t e a r ic  a c id .  T h e  d i f f e r e n c e  i n  l a g  t h e n  r e s u l t e d  i n  t h e  
d i f f e r e n t  p e r c e n t a g e  r e m o v a l  b e t w e e n  o l e i c  a c i d  a n d  t h e  s a t u r a t e d  a c id s  d u r i n g  
i n c u b a t i o n .
A l t h o u g h  n o  d i f f e r e n c e s  w e r e  a p p a r e n t  i n  t h e  r e m o v a l  o f  t h e  m a i n  f a t t y  a c id s  i n  
t a l l o w ,  o l e i c  a c i d  w a s  p r e s e n t  a t  h i g h e r  c o n c e n t r a t io n s ,  a c c o u n t i n g  f o r  4 0 %  o f  t a l l o w  
f a t t y  a c id s .  F r o m  t h e  d a t a  o b t a i n e d  i n  t h is  e x p e r i m e n t ,  i t  c a n  b e  s e e n  t h a t  o l e i c  a c id  
w a s  m o r e  e a s i l y  a s s i m i l a t e d  b y  R P 1 ,  w h i c h  w a s  n o t  o b v io u s  d u r i n g  g r o w t h  o n  t a l l o w .
T h e  e a s e  o f  a s s i m i l a t i o n  o f  o l e i c  a c id  w a s  a ls o  n o t e d  b y  o t h e r  r e s e a r c h e r s .  
P a p a n i l c o la o u  e t  a l .  ( 2 0 0 1 ) ,  o b s e r v e d  t h a t  o l e i c  a c i d  w a s  s i g n i f i c a n t l y  m o r e  r a p i d l y  
r e m o v e d  t h a n  p a l m i t i c  o r  s t e a r ic  a c id s  b y  Y a r r o w i a  l i p o l y t i c a .  T h e  o r g a n i s m  w a s  
g r o w n  o n  a  m i x t u r e  o f  t h e  f a t t y  a c id s  a t  1 0 g / l .  T a n  a n d  G i l l  ( 1 9 8 5 )  f o u n d  t h a t  t h e  
y e a s t  S a c c h a r o m y c o p s i s  l i p o l y t i c a  c o u l d  a s s i m i l a t e  a n d  g r o w  o n  p a l m i t i c  a n d  o l e i c  
a c id s ,  b u t  c o u ld  n o t  u t i l i s e  s t e a r ic  a c id .  I w a h o r i  e t  a l .  ( 1 9 9 5 )  n o t e d  t h a t  c e r t a i n  
A c t i n o m y c e t e s  c o u ld  n o t  u t i l i s e  p a l m i t i c  a c id ,  a n d  w e r e  e v e n  i n h i b i t e d  f r o m  g r o w i n g  
o n  g l u c o s e  i n  i t s  p r e s e n c e .
A c t i v a t e d  s lu d g e  r e m o v e d  f a t t y  a c id s  b y  v a r y i n g  d e g r e e s  i n  t h e  s t u d y  b y  L e o h r  a n d  
R o t h  ( 1 9 6 8 ) .  W i t h  s a t u r a t e d  f a t t y  a c id s ,  t h e y  f o u n d  t h a t  l o n g e r  c h a i n  l e n g t h s  w e r e  
m o r e  r e s is t a n t  t o  r e m o v a l .  U n s a t u r a t e d  f a t t y  a c id s  w e r e  a ls o  m o r e  e a s i l y  a s s i m i l a t e d  
t h a n  s a t u r a t e d  f a t t y  a c id s .
b i o m a s s  o f  R P 1  w h e n  g r o w n  o n  t h e  f a t t y  a c id  m i x t u r e .  T h e  l e v e l  o f  a c c u m u l a t i o n  
i n c r e a s e d  w i t h  in c r e a s i n g  f r e e  f a t t y  a c id  c o n c e n t r a t i o n ,  r e a c h i n g  a  m a x i m u m  o f
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0 . 4 7 g g ' *  w i t h  1 . 8 0 g / l  o n  d a y  1 0 .  T h i s  w a s  s i m i l a r  t o  t h e  v a lu e s  o b s e r v e d  w i t h  t h e  
t a l l o w  s u b s t r a t e .  H o w e v e r ,  a t  t h e  l o w e r  c o n c e n t r a t io n s  o f  f a t t y  a c id s ,  t h e  l e v e ls  
r e a c h e d  w e r e  s i g n i f i c a n t l y  l o w e r .  W i t h  0 . 1 2 g / l ,  o n l y  0 . 0 9 g g _1 w a s  r e a c h e d .  T h e  
g r e a t e r  a c c u m u l a t i o n  w i t h  t h e  t a l l o w  s u b s t r a t e  w o u l d  h a v e  b e e n  d u e  t o  s i g n i f i c a n t l y  
h i g h e r  u p t a k e  o f  f a t t y  a c id s .  T h e  f r e e  f a t t y  a c id s  w o u l d  h a v e  b e e n  c o n t i n u a l l y  f e d  b y  
g l y c e r i d e  h y d r o l y s i s .  W i t h  t h e  f a t t y  a c id s  m i x t u r e  a s  t h e  s u b s t r a t e ,  t h e  c o n c e n t r a t i o n  
w a s  c o n t i n u a l l y  d r o p p i n g ,  w i t h  n o  s u b s t r a t e  ‘ f e e d ’ .
A s  w a s  f o u n d  w i t h  th e  t a l l o w  s u b s t r a t e ,  f r e e  f a t t y  a c id s  w e r e  t h e  p r e d o m i n a n t  
c o m p o n e n t  o f  i n t r a c e l l u l a r  l i p i d .  T r i g l y c e r i d e s  w e r e  t h e  o n l y  g l y c e r i d e  c la s s  
o b s e r v e d ,  b u t  t h e y  w e r e  p r e s e n t  a t  s i g n i f i c a n t l y  l o w e r  l e v e ls .  N o  m o n o -  o r  
d i g l y c e r i d e s  w e r e  d e t e c t e d .  W i t h  t a l l o w  a s  t h e  s u b s t r a t e ,  t r i g l y c e r i d e s  w e r e  a  m o r e  
s i g n i f i c a n t  c o m p o n e n t  o f  i n t r a c e l l u l a r  l i p i d .  T h e  i n h i b i t i o n  o f  g r o w t h  b y  t h e  f r e e  f a t t y  
a c id s  m a y  h a v e  l i m i t e d  t h e  s y n t h e s is  o f  t r i g l y c e r i d e s  i n t r a c e l l u l a r l y  d u e  to  r e d u c e d  
m e t a b o l i c  a c t i v i t y .
P a p a n i k o l a o u  e t  a l .  ( 2 0 0 1 )  f o u n d  t h a t  Y a r r o w i a  l i p o l y t i c a  g r o w n  o n  a  f a t t y  a c id  
m i x t u r e  a t  1 0 g / l ,  a c c u m u l a t e d  m o s t l y  t r i g l y c e r i d e s ,  w i t h  s i g n i f i c a n t  b u t  l o w e r  l e v e ls  
o f  f r e e  f a t t y  a c id s .  A n  i n h i b i t i o n  o f  b i o m a s s  p r o d u c t i o n  a n d  t r i g l y c e r i d e  s y n t h e s is  d i d  
n o t  s e e m  t o  b e  p r e s e n t  i n  t h e i r  s t u d y .  R a d w a n  a n d  S o l i m a n  ( 1 9 8 8 )  a ls o  o b s e r v e d  t h a t  
s e v e r a l  f u n g a l  s p e c ie s ,  g r o w n  o n  f a t t y  a c id s  a s  t h e  s o le  c a r b o n  s o u r c e ,  a c c u m u l a t e d  
m o s t l y  f r e e  f a t t y  a c id s  i n t r a c e l l u l a r l y .
S t e a r ic  a c i d  w a s  t h e  o n l y  f a t t y  a c id  d e t e c t e d  i n  t h e  t r i g l y c e r i d e s .  A  s l i g h t  p r e f e r e n c e  
f o r  s t e a r ic  a c id  i n c o r p o r a t i o n  i n t o  i n t r a c e l l u l a r  t r i g l y c e r i d e s  w a s  a ls o  n o t e d  w i t h  t h e  
t a l l o w  s u b s t r a t e .  I n  f r e e  f a t t y  a c id s ,  t h e r e  w a s  a  s l i g h t  p r e f e r e n c e  f o r  b o t h  s a t u r a t e d  
f a t t y  a c id s ,  w i t h  o l e i c  a c i d  p r e s e n t  a t  l o w e r  l e v e l s .  W i t h  t h e  t a l l o w  s u b s t r a t e ,  n o  
p r e f e r e n c e  w a s  e v i d e n t .  H o w e v e r ,  w i t h  t h e  t a l l o w ,  o l e i c  a c i d  w a s  p r e s e n t  i n  t h e  
s u b s t r a t e  a t  h i g h e r  l e v e l s  t h a n  p a l m i t i c  o r  s t e a r ic ,  w h i c h  m a y  h a v e  ‘ m a s k e d ’ t h e  l o w e r  
t e n d e n c y  t o  s t o r e  i t  i n  R P 1  b io m a s s .  O v e r a l l ,  s t e a r ic  a c i d  w a s  t h e  m o s t  s i g n i f i c a n t l y
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a c c u m u l a t e d  f a t t y  a c id  i n t r a c e l l u l a r l y ,  f o l l o w e d  b y  p a l m i t i c  a c id ,  w i t h  o l e i c  a c id  
b e i n g  t h e  l e a s t  a c c u m u l a t e d  o f  t h e  t h r e e .
T h i s  p r e f e r e n c e  f o r  s a t u r a t e d  f a t t y  a c i d  a c c u m u l a t i o n  w a s  a ls o  n o t e d  b y  o t h e r  
r e s e a r c h e r s .  S t e a r ic  a c id  w a s  a c c u m u l a t e d  a t  s i g n i f i c a n t l y  h i g h e r  c o n c e n t r a t io n s  t h a n  
p a l m i t i c  o r  o l e i c  a c id s  i n  t h e  b io m a s s  o f  Y c i r r o w i a  l i p o l y t i c a  g r o w n  o n  a  m i x t u r e  o f  
t h e  f a t t y  a c id s  a t  1 0 g / l  ( P a p a n i k o l a o u  e t  a l . ,  2 0 0 1 ) .  T h e y  w e r e  m o s t l y  i n c o r p o r a t e d  
i n t o  t r i g l y c e r i d e s  a n d  f r e e  f a t t y  a c id s ,  t h e  p r e d o m i n a n t  c o m p o n e n t s  o f  i n t r a c e l l u l a r  
l i p i d .  H o w e v e r ,  t h e y  f o u n d  t h a t  o l e i c  a n d  l i n o l e i c  a c id s  w e r e  t h e  m a i n  f a t t y  a c id s  in  
t r i g l y c e r i d e s ,  w h i l e  s t e a r ic  a n d  p a l m i t i c  a c id s  w e r e  h i g h e s t  i n  t h e  f r e e  f a t t y  a c id s .  
T h e y  a ls o  n o t e d  t h a t  l i p i d  a c c u m u l a t i o n  w a s  l o w e r  w h e n  t h e  o r g a n i s m  w a s  g r o w n  o n  
a  f a t t y  a c i d  m i x t u r e  r i c h  i n  o l e i c  a c id .  T h e  p r e s e n c e  o f  s a t u r a t e d  a c id s  m a y  h a v e  
s t i m u l a t e d  t h e  a c c u m u l a t i o n  o f  t h e  l i p i d s .  T h e y  s u g g e s t e d  t h a t  u n s a t u r a t e d  f a t t y  a c id s  
s u c h  a s  o l e i c  a c id  a r e  r a p i d l y  i n c o r p o r a t e d  a n d  u s e d  f o r  g r o w t h ,  b u t  s a t u r a t e d  f a t t y  
a c id s  a r e  m o r e  s l o w l y  t a k e n  u p ,  a n d  t e n d e d  t o  a c c u m u l a t e  i n t r a c e l l u l a r l y .
L a l m a n  a n d  B a g l e y  ( 2 0 0 1 )  n o t e d  t h a t  p a l m i t i c  a c id  a c c u m u l a t e d  a s  a  m e t a b o l i c  
i n t e r m e d i a t e  o f  o l e i c  a c id  b i o d é g r a d a t i o n  i n  a n  a n a e r o b i c  m i x e d  c u l t u r e .  I n  t h e  
i n t r a c e l l u l a r  l i p i d  o f  R P 1 ,  t h e  s a t u r a t e d  a c id s  a c c u m u l a t e d ,  a n d  p o s s i b l y  m a y  h a v e  
b e e n  a d d e d  t o  b y  b i o d é g r a d a t i o n  o f  t h e  o l e i c  a c id .  L a l m a n  a n d  B a g l e y  a ls o  f o u n d  t h a t  
a l m o s t  3 0  d a y s  w a s  r e q u i r e d  f o r  t h e  r e m o v a l  o f  0 .1  g /1  o l e i c  a c id  f r o m  c u l t u r e .  T h i s  is  
s i g n i f i c a n t l y  l o n g e r  t h a n  t h a t  r e q u i r e d  w i t h  R P 1 ,  w h e r e  g r e a t e r  t h a n  9 5 %  r e m o v a l  o f
0 . 1 2 g / l  w a s  o b s e r v e d  w i t h i n  7  d a y s .  W i t h  0 .1  g /1  s t e a r ic  a c id ,  5 0 %  s t i l l  r e m a i n e d  i n  
t h e  a n a e r o b i c  c u l t u r e  a f t e r  3 0  d a y s .
O v e r a l l ,  T . h a r z i a n u m  R i f a i  R P 1  d i d  n o t  h a v e  a n y  d i f f i c u l t y  h y d r o l y s i n g  th e  
e x t r a c e l l u l a r  g l y c e r i d e s  o f  t h e  t a l l o w  s u b s t r a te .  T h e  r a t e  l i m i t i n g  s t e p  w a s  t h e  
a s s i m i l a t i o n  o f  f r e e  f a t t y  a c id s  in t o  t h e  b i o m a s s ,  a s  e v i d e n c e d  b y  th e  e x t r a c e l l u l a r  
a c c u m u l a t i o n  o f  f r e e  f a t t y  a c id s .  W h e n  f a t t y  a c id s  w e r e  a s s i m i l a t e d  i n t o  t h e  c e l l ,  
t r i g l y c e r i d e s  w e r e  s y n t h e s is e d .  W i t h  f r e e  f a t t y  a c id s  a s  t h e  s o le  c a r b o n  s o u r c e ,  h i g h e r
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concentrations had an inhibitory affect, with less fat free biomass produced and more 
accumulation. This was also accompanied by less triglyceride synthesis, which may 
have been due to the limited biomass, and hence limited metabolic activity. RP1 may 
have been protected from the toxic effect of fatty acids with tallow as the substrate by 
their reduced bioavailability in the fat masses.
1 6 8
5. C o n c lu s io n s
1 . T h e  w a s t e w a t e r  t r e a t m e n t  s y s t e m  o f  a  c o m m e r c i a l  r e n d e r i n g  p l a n t  y i e l d e d  5 8  
i s o la t e s ,  o f  w h i c h  n i n e  w e r e  c a p a b le  o f  g r o w t h  o n  t a l l o w  a s  t h e  s o le  c a r b o n  
s o u r c e ,  r e m o v i n g  g r e a t e r  t h a n  2 0 %  o f  i t  f r o m  c u l t u r e .
2 .  T h e  f i l a m e n t o u s  i s o la t e ,  F 2 ,  w a s  i d e n t i f i e d  a s  T r i c h o d e r m a  h a r z i a n u m  R i f a i  R P 1 .  
I t  r e m o v e d  t a l l o w  f r o m  b a t c h  c u l t u r e s  o p t i m a l l y  a t  2 5 ° C ,  s h a k in g  a t  1 3 0 r p m ,  w i t h  
t h e  p H  c o n t r o l l e d  t o  p H  6 . 0 .  I t s  g r o w t h  f o l l o w e d  M o n o d  k i n e t i c s ,  w i t h  ( i max a n d  k s 
o f  1 . 4 3 8 d a y _1 a n d  0 . 7 5 8 g / l  r e s p e c t i v e l y .
3 .  T h e  g l y c e r i d e s  o f  t a l l o w  w e r e  e f f e c t i v e l y  h y d r o l y s e d  b y  T . h a r z i a n u m  R i f a i  R P 1 ,  
w i t h  n o  f a t t y  a c id  s p e c i f i c i t y .  E x t r a c e l l u l a r  f r e e  f a t t y  a c id s  a c c u m u l a t e d  w h i l e  
g l y c e r i d e  h y d r o l y s i s  c o n t i n u e d ,  t h e i r  a s s i m i l a t i o n  b e i n g  t h e  r a t e - l i m i t i n g  s t e p  o f  
e x t r a c e l l u l a r  l i p i d  r e m o v a l .  N o  f a t t y  a c id  s p e c i f i c i t y  w a s  n o t e d  i n  t h is  
a c c u m u l a t i o n .
4 .  C o m p l e t e  m e t a b o l i s m  o f  a s s i m i l a t e d  l i p i d  d i d  n o t  o c c u r  d u r i n g  g r o w t h  o f  T .  
h a r z i a n u m  R i f a i  R P 1  o n  t a l l o w .  L i p i d  a c c u m u l a t i o n  o c c u r r e d  i n t r a c e l l u l a r l y ,  
w h i c h  w a s  c o m p o s e d  o f  f r e e  f a t t y  a c id s  a n d  t r i g l y c e r i d e s .  N o  f a t t y  a c id  s p e c i f i c i t y  
w a s  a p p a r e n t  i n  a c c u m u l a t e d  l i p i d .
5 .  W h e n  g r o w n  o n  a  m i x t u r e  o f  p a l m i t i c ,  s t e a r ic  a n d  o l e i c  a c id s ,  R P 1  p r e f e r e n t i a l l y  
a s s i m i l a t e d  o l e i c  a c id  i n  p r e f e r e n c e  t o  p a l m i t i c  o r  s t e a r ic  a c id .  W i t h  0 . 7 5  a n d  
1 . 8 0 g / l  o f  f a t t y  a c id  s u b s t r a t e ,  b i o m a s s  p r o d u c t i o n  w a s  i n h i b i t e d  a t  t h e  e x p e n s e  o f  
i n t r a c e l l u l a r  l i p i d  a c c u m u l a t i o n .  T h i s  l i p i d  c o n s is t e d  m a i n l y  o f  f r e e  f a t t y  a c id s ,  
w i t h  l o w  l e v e l s  o f  t r i g l y c e r i d e s .  S t e a r i c  a c id  w a s  a c c u m u l a t e d  i n  i n t r a c e l l u l a r  l i p i d  
t o  a  g r e a t e r  e x t e n t  t h a n  p a l m i t i c  o r  o l e i c  a c id s .
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F u r t h e r  s tu d y
•  T h e  s t u d y  o f  t a l l o w  b i o d é g r a d a t i o n  b y  T r i c h o d e r m a  h a r z i a n u m  R i f a i  R P 1  i n  
l a r g e r  s c a le  f e r m e n t o r s  w o u l d  p r o v i d e  v a l u a b l e  i n f o r m a t i o n  a b o u t  i t s  p e r f o r m a n c e  
i n  c o m m e r c i a l  b i o r e a c t o r s .  S in c e  R P 1  w a s  s t u d i e d  i n  b a t c h  c u l t u r e ,  m o r e  s t u d ie s  
w o u l d  b e  n e e d e d  t o  a s s e s s  i t s  p e r f o r m a n c e  i n  c o n t i n u o u s  c u l t u r e .  W a s t e  t r e a t m e n t  
b i o r e a c t o r s  m o s t  c o m m o n l y  o p e r a t e  i n  c o n t i n u o u s  c u l t u r e  m o d e .
•  T h e  p e r f o r m a n c e  o f  T r i c h o d e r m a  h a r z i a n u m  R i f a i  R P 1  i n  m i x e d  c u l t u r e s  w o u l d  
b e  o f  in t e r e s t .  C o m b i n i n g  R P 1  w i t h  o t h e r  m ic r o o r g a n i s m s  c a p a b l e  o f  a s s i m i l a t i n g  
f r e e  f a t t y  a c id s  c o u l d  r e s u l t  i n  a  m i c r o b i a l  c o n s o r t i u m  w h i c h  r e a d i l y  r e m o v e s  a n d  
m e t a b o l i s e s  t a l l o w  a n d  o t h e r  h a r d  f a t s .  I n  a  b i o r e a c t o r ,  t h e  u s e  o f  a  c o n s o r t iu m  
w o u l d  b e  m o r e  p r a c t i c a l ,  a n d  c o u l d  b e  f o r m u l a t e d  t o  g i v e  t h e  a b i l i t y  t o  b i o d e g r a d e  
a  r a n g e  o f  l i p i d  s u b s t r a te s .
•  T h e  i n v e s t i g a t i o n  o f  t h e  i n t r a c e l l u l a r  a c c u m u l a t i o n  o f  m o d i f i e d  l i p i d s  b y  R P 1  o n  
v a r i o u s  l i p i d  s u b s t r a te s  c o u ld  r e s u l t  i n  t h e  p r o d u c t i o n  o f  u s e f u l  b y - p r o d u c t s  i n  a  
c o s t  e f f e c t i v e  m a n n e r .  V a l u a b l e  l i p i d s  a n d  l i p i d  d e r i v a t i v e s  h a v e  b e e n  s h o w n  t o  
a c c u m u l a t e  i n  o t h e r  s p e c ie s ,  a n d  R P 1  h a s  b e e n  f o u n d  i n  t h is  s t u d y  t o  a c c u m u la t e  
s i g n i f i c a n t  l e v e l s  o f  i n t r a c e l l u l a r  l i p i d s .  T h e s e  c o u l d  b e  e x t r a c t e d  i f  t h e y  w e r e  
f o u n d  t o  b e  o f  c o m m e r c i a l  v a l u e
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6 . B ib l io g r a p h y
1 . A g g e l i s ,  G . ,  ( 1 9 9 6 ) ,  T w o  a l t e r n a t i v e  p a t h w a y s  f o r  s u b s t r a t e  a s s i m i l a t i o n  b y  
M u c o r  c i r c i n e l l o i d e s ,  F o l i a  M i c r o b i o l o g i c a ,  4 1 ,  3 ,  2 5 4 - 2 5 6 .
2 .  A g g e l i s ,  G . ,  B a la t s o u r a s ,  M ,  C o m a i t i s ,  M . ,  A n a g n o s t o p o u l o u ,  G . ,  D i m i t r o u l i a s ,
G . ,  P i n a ,  M .  a n d  G r a i l l e ,  J . ,  ( 1 9 9 1 ) ,  P r o d u c t i o n  d ’ a c id e  g a m m a  l i n o l é n i q u e  p a r  
b i o c o n v e r s i o n  d e  l ’ a c id e  l i n o l é n i q u e  d e  q u e lq u e s  h u i l e s  v é g é t a le s ,  R e v u e
F r a n ç a i s e  d e s  C o r p s  G r a s ,  3 8 ,  9 5 - 1 0 1 .
3 .  A g g e l i s ,  G .  a n d  K o m a i t i s ,  M . ,  ( 1 9 9 9 ) ,  E n h a n c e m e n t  o f  s in g le  c e l l  o i l  p r o d u c t i o n  
b y  Y a r r o w i a  l i p o l y t i c a  g r o w i n g  i n  t h e  p r e s e n c e  o f  T e u c r i u m  p o l i u m  L .  a q u e o u s  
e x t r a c t ,  B i o t e c h n o l o g y  L e t t e r s ,  2 1 ,  7 4 7 - 7 4 9 .
4 .  A g g e l i s ,  G . ,  K o m a i t i s ,  M . ,  P a p a n i k o l a o u ,  S . a n d  P a p a d o p o u lo s ,  G . ,  ( 1 9 9 5 a ) ,  A
m a t h e m a t i c a l  m o d e l  f o r  t h e  s t u d y  o f  l i p i d  a c c u m u la t io n  i n  o le a g in o u s
m ic r o o r g a n is m s  I .  L i p i d  a c c u m u la t io n  d u r i n g  g r o w t h  o f  M u c o r  c i r c i n e l l o i d e s  C B S  
1 7 2 - 2 7  o n  a  v e g e t a b le  o i l ,  G r a s a s  y  A c e i t e s ,  4 6 ,  3 ,  1 6 9 - 1 7 3 .
5 . A g g e l i s ,  G . ,  K o m a i t i s ,  M . ,  P a p a n i k o l a o u ,  S . a n d  P a p a d o p o u lo s ,  G . ,  ( 1 9 9 5 b ) ,  A
m a t h e m a t i c a l  m o d e l  f o r  t h e  s t u d y  o f  l i p i d  a c c u m u la t io n  i n  o le a g in o u s
m ic r o o r g a n is m s  I I .  S t u d y  o f  c e l l u l a r  l i p i d s  o f  M u c o r  c i r c i n e l l o i d e s  d u r i n g  g r o w t h  o n  
a  v e g e t a b l e  o i l ,  G r a s a s  y  A c e i t e s ,  4 6 ,  2 4 5 - 2 5 0 .
6 .  A g g e l i s ,  G . ,  P a p a d i o t i s ,  G .  a n d  K o m a i t i s ,  M . ,  ( 1 9 9 7 ) ,  M i c r o b i a l  f a t t y  a c id  
s p e c i f i c i t y ,  F o l i a  M i c r o b i o l o g i c a ,  4 2 ,  2 ,  1 1 7 - 1 2 0 .
7 .  A g g e l i s ,  G .  a n d  S o u r d is ,  J . ,  ( 1 9 9 7 ) ,  P r e d i c t i o n  o f  l i p i d  a c c u m u l a t i o n - d é g r a d a t i o n
i n  o l e a g in o u s  m i c r o o r g a n i s m s  g r o w i n g  o n  v e g e t a b l e  o i l s ,  A n t o n i e  v a n
L e e u w e n h o e k  J o u r n a l  o f  G e n e r a l  a n d  M o l e c u l a r  M i c r o b i o l o g y ,  7 2 ,  1 5 9 - 1 6 5 .
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8 .  A i n s w o r t h ,  G . C . ,  ( 1 9 7 3 ) ,  I n t r o d u c t i o n  a n d  k e y s  t o  t h e  h i g h e r  t a x a ,  I n :  T h e  F u n g i :  
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9 9 .  I t o h ,  Y . ,  T a k a h a s h i ,  S . a n d  A r a i ,  M . ,  ( 1 9 8 2 ) ,  S t r u c t u r e  o f  g l i o c l a d i c  a c id ,  J o u r n a l  o f  
A n t i b i o t i c s ,  3 5 ,  5 4 1 - 5 4 2 .
1 0 0 .  I w a h o r i ,  K . ,  W a n g ,  M . ,  T a k i ,  H .  a n d  F u j i t a ,  M . ,  ( 1 9 9 5 ) ,  C o m p a r a t i v e  s tu d ie s  o n  
t h e  u t i l i s a t i o n  o f  f a t t y  a c id s  a n d  h y d r o c a r b o n s  i n  N o c a r d i a  a m a r a e  a n d  R h o d o c o c c u s  
s p p . ,  J o u r n a l  o f  F e r m e n t a t i o n  a n d  B i o e n g i n e e r i n g ,  7 9 ,  2 ,  1 8 6 - 1 8 9 .
1 0 1 .  J a c k s o n ,  F . M . ,  M i c h a e l s o n ,  L . ,  F r a s e r ,  T . C . M . ,  S t o b a r t ,  A . K .  a n d  G r i f f i t h s ,  G . ,  
( 1 9 9 8 ) ,  B io s y n t h e s is  o f  t r i a c y l g l y c e r o l  i n  t h e  f i l a m e n t o u s  f u n g u s  M u c o r  
c i r c i n e l l o i d e s , M i c r o b i o l o g y ,  1 4 4 ,  2 6 3 9 - 2 6 4 5 .
1 0 2 .  J a k o b s e n ,  M . ,  C a n t o r ,  M . D .  a n d  J e s p e r s e n ,  L . ,  ( 2 0 0 1 ) ,  P r o d u c t i o n  o f  B r e a d ,  
C h e e s e  a n d  M e a t ,  In :  T h e  M y  c o t a ,  V o l u m e  X ,  I n d u s t r i a l  A p p l i c a t i o n s ,  E d s :  E s s e r ,  K  
a n d  L e m k e ,  P . A . ,  S p r i n g e r - V e r l a g ,  B e r l i n .
1 0 3 .  J e f f e r y ,  J . ,  K o c k ,  J . L . F . ,  D u  P r e e z ,  J .C . ,  B a r e e t s e n g ,  A . S . ,  C o e t z e e ,  D . J . ,  B o t e s ,  
P .J . ,  B o t h a ,  A . ,  S c h e w e ,  T .  a n d  N i g a m ,  S . ,  ( 1 9 9 9 ) ,  E f f e c t  o f  a c e t a t e  a n d  p H  o n  
s u n f l o w e r  o i l  a s s im i la t i o n  b y  M u c o r  c i r c i n e l l o i d e s  f .  c i r c i n e l l o i d e s , S y s t e m a t ic  a n d  
A p p l i e d  M i c r o b i o l o g y ,  2 2 ,  1 5 6 - 1 6 0 .
1 0 4 .  K a j s ,  T . M .  a n d  V a n d e r z a n t ,  C . ,  ( 1 9 8 1 ) ,  B a t c h  s c a le  u t i l i s a t i o n  s t u d ie s  o f  t a l l o w  
b y  f o o d  y e a s ts ,  D e v e l o p m e n t s  i n  In d u s t r i a l  M i c r o b i o l o g y ,  2 1 ,  4 8 1 - 4 8 8 .
1 0 5 .  K a l l e l ,  M . ,  M a l e s i e u x ,  G . ,  G o u s a i l l e s ,  M .  a n d  V e d r y ,  B . ,  ( 1 9 9 4 ) ,  B i o é l i m i n a t io n  
d e s  d é c h e ts  g r a is s e u x  a p r è s  s a p o n i f i c a t io n ,  T e c h n iq u e s  S c ie n c e s  M é t h o d e s ,  1 1 ,  6 1 9 -  
6 2 3 .
1 0 6 .  K a m i s a k a ,  Y . ,  Y o k o c h i ,  T . ,  N a k a h a r a ,  T .  a n d  S u z u k i ,  O . ,  ( 1 9 9 0 ) ,  I n c o r p o r a t i o n  
o f  l i n o l e i c  a c id  a n d  i t s  c o n v e r s io n  t o  y - l i n o l e n i c  a c id  i n  f u n g i ,  L i p i d s ,  2 5 ,  5 4 - 6 0 .
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1 0 7 .  K a t a y a m a ,  A . ,  a n d  M a t s u m u r a ,  F . ,  ( 1 9 9 3 ) ,  D e g r a d a t i o n  o f  o r g a n o c h lo r in e  
p e s t ic id e s ,  p a r t i c u l a r l y  e n d o s u l f a n ,  b y  T r i c h o d e r m a  h a r z i a n u m ,  E n v i r o n m e n t a l  
T o x i c o l o g y  a n d  C h e m is t r y ,  1 2 ,  1 0 5 9 - 1 0 6 5 .
1 0 8 .  K e n d r i c k ,  A .  a n d  R a t l e d g e ,  C . ,  ( 1 9 9 6 ) ,  C e s s a t io n  o f  p o ly u n s a t u r a t e d  f a t t y  a c id  
f o r m a t i o n  i n  f o u r  s e le c t e d  f i l a m e n t o u s  f u n g i  w h e n  g r o w n  o n  p l a n t  o i ls ,  J o u r n a l  o f  
t h e  A m e r i c a n  O i l  C h e m is t s  S o c i e t y ,  7 3 ,  4 3 1 - 4 3 5 .
1 0 9 .  K i m ,  M . K .  a n d  R h e e ,  J .S . ,  ( 1 9 9 3 ) ,  L i p i d  h y d r o ly s is  b y  P s e u d o m o n a s  p u t i d a  
3 S K  c u l t u r e d  i n  o r g a n ic - a q u e o u s  2 - p h a s e  s y s te m ,  E n z y m e  a n d  M i c r o b i a l  
T e c h n o l o g y ,  1 5 ,  6 1 2 - 6 1 6 .
1 1 0 .  K l e i n ,  D .  a n d  E v e l e i g h ,  D . E . ,  ( 1 9 9 8 ) ,  E c o l o g y  o f  T r i c h o d e r m a ,  In :  T r i c h o d e r m a  
a n d  G l i o c l a d i u m ,  V o l u m e  1 , E d s :  K u b i c e k ,  C . P .  a n d  H a r m a n ,  G . E . ,  T a y l o r  a n d  
F r a n c is  L t d . ,  L o n d o n .
1 1 1 .  K o h ,  J .S . ,  K o d a m a ,  T .  a n d  M i n o d a ,  Y . ,  ( 1 9 8 3 ) ,  S c r e e n in g  o f  y e a s ts  a n d  c u l t u r a l  
c o n d i t io n s  f o r  c e l l  p r o d u c t io n  f r o m  p a l m  o i l ,  A g r i c u l t u r a l  a n d  B i o l o g i c a l  C h e m i s t r y ,
4 7 ,  6 , 1 2 0 7 - 1 2 1 2 .
1 1 2 .  K o r i t a l a ,  S . ,  H e s s e l t i n e ,  C . W . ,  P r y d e ,  E . H .  a n d  M o u n t s ,  T . L . ,  ( 1 9 8 7 ) ,  
B i o c h e m i c a l  m o d i f i c a t i o n  o f  fa ts  b y  m ic r o o r g a n is m s  : a  p r e l i m i n a r y  s u r v e y ,  J o u r n a l  
o f  t h e  A m e r i c a n  O i l  C h e m is t s  S o c i e t y ,  6 4 ,  4 ,  5 0 9 - 5 1 3 .
1 1 3 .  K o s t o v ,  V . ,  P o p o v ,  B . ,  P o p o v a ,  L . ,  K e h i l b a r o v a ,  L .  a n d  B o r i s o v a ,  I . ,  ( 1 9 8 6 ) ,  
A s s i m i l a t i o n  o f  a n i m a l  f a t s  b y  y e a s ts  a n d  s y n th e s is  o f  p r o t e in  b y  c o n t in u o u s  
c u l t i v a t i o n  i n  a  c o m p l e x  n u t r i e n t  m e d i u m ,  A c t a  B io t e c h n o lo g i c a ,  6 ,  3 ,  2 8 1 - 2 8 5 .
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1 1 4 .  K r a n t z - R ü l c k e r ,  C . ,  A l l a r d ,  B .  a n d  E p h r a i m ,  J . H . ,  ( 1 9 9 4 ) ,  A c i d - b a s e  p r o p e r t ie s  
o f  a  s o i l  f u n g u s ,  T r i c h o d e r m a  h a r z i a n u m ,  E n v i r o n m e n t a l  S c ie n c e  a n d  T e c h n o l o g y ,
2 8 ,  1 5 0 2 - 1 5 0 5 .
1 1 5 .  K u b i c e k - P r a n z ,  E . M . ,  ( 1 9 9 8 ) ,  N u t r i t i o n ,  c e l l u l a r  s t r u c t u r e  a n d  b a s ic  m e t a b o l i c  
p a t h w a y s  i n  T r i c h o d e r m a  a n d  G l i o c l a d i u m ,  In :  T r i c h o d e r m a  a n d  G l i o c l a d i u m , 
V o l u m e  1 , E d s :  K u b ic e l c ,  C .P .  a n d  H a n n a n ,  G . E . ,  T a y l o r  a n d  F r a n c is  L t d . ,  L o n d o n .
1 1 6 .  K w o n ,  D . Y .  a n d  R h e e ,  J .S . ,  ( 1 9 8 4 ) ,  I m m o b i l i s a t i o n  o f  l ip a s e  f o r  f a t  s p l i t t in g ,  
K o r e a n  J o u r n a l  o f  C h e m i c a l  E n g i n e e r i n g ,  1 , 1 5 3 - 1 5 8 .
1 1 7 .  L a l m a n ,  J . A .  a n d  B a g l e y ,  D . M . ,  ( 2 0 0 0 ) ,  A n a e r o b i c  d e g r a d a t io n  a n d  i n h i b i t o r y  
e f f e c t s  o f  l i n o l e i c  a c id ,  W a t e r  R e s e a r c h ,  3 4 ,  1 7 ,  4 2 2 0 - 4 2 2 8 .
1 1 8 .  L a l m a n ,  J . A .  a n d  B a g l e y ,  D . M . ,  ( 2 0 0 1 ) ,  A n a e r o b i c  d e g r a d a t io n  a n d  
m e t h a n o g e n ic  i n h i b i t o r y  e f f e c t s  o f  o l e ic  a n d  s t e a r ic  a c id s ,  W a t e r  R e s e a r c h ,  3 5 ,  1 2 ,  
2 9 7 5 - 2 9 8 3 .
1 1 9 .  L e f e b v r e ,  X . ,  P a u l ,  E . ,  M a u r e t ,  M . ,  B a p t is t e ,  P .  a n d  C a p d e v i l l e ,  B . ,  ( 1 9 9 8 ) ,  
K i n e t i c  c h a r a c t e r is a t i o n  o f  s a p o n i f i e d  d o m e s t ic  l i p i d  r e s id u e s  a e r o b ic  
b i o d é g r a d a t io n ,  W a t e r  R e s e a r c h ,  3 2 ,  1 0 ,  3 0 3 1 - 3 0 3 8 .
1 2 0 .  L i u ,  W - H . ,  B e p p u ,  T .  a n d  A r i m a ,  K ,  ( 1 9 7 3 ) ,  E f f e c t  o f  v a r io u s  in h ib i t o r s  o n  
l ip a s e  a c t io n  o f  t h e r m o p h i l i c  f u n g u s  H u m i c o l a  l a n u g i n o s a  S - 3 8 ,  A g r i c u l t u r a l  a n d  
B i o l o g i c a l  C h e m i s t r y ,  3 7 ,  1 1 ,  2 4 8 7 - 2 4 9 2 .
1 2 1 .  L o e h r ,  R . C .  a n d  R o t h ,  J .C . ,  ( 1 9 6 8 ) ,  A e r o b i c  d e g r a d a t io n  o f  lo n g  c h a i n  f a t t y  a c id  
s a lts ,  J o u r n a l  o f  t h e  W a t e r  P o l l u t i o n  C o n t r o l  F e d e r a t io n ,  4 0 ,  3 8 5 - 4 0 3 .
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1 2 2 .  M a h l i e ,  W . S . ,  ( 1 9 4 0 ) ,  O i l  a n d  g r e a s e  i n  s e w a g e ,  S e w a g e  W o r k s  J o u r n a l ,  1 2 ,  
5 2 7 .
1 2 3 .  M a i a ,  M . M . D . ,  H e a s l e y ,  A . ,  C a m a r g o  d e  M o r á i s ,  M . M . ,  M e l ó ,  E . H . M . ,  M o r á i s ,  
M . A .  J r . ,  L e d i n g h a m ,  W . M . ,  l i m a  F i l h o ,  J . L . ,  ( 2 0 0 1 ) ,  E f f e c t  o f  c u l t u r a l  c o n d i t io n s  o n  
l ip a s e  p r o d u c t i o n  b y  F u s a r i u m  s o l a n i  i n  b a t c h  f e r m e n t a t i o n ,  B io r e s o u r c e  
T e c h n o l o g y ,  7 6 ,  2 3 - 2 7 .
1 2 4 .  M a r e k ,  A .  a n d  B e d n a r s k i ,  W . ,  ( 1 9 9 6 ) ,  S o m e  f a c t o r s  a f f e c t i n g  l ip a s e  p r o d u c t io n  
b y  y e a s ts  a n d  f i l a m e n t o u s  f u n g i ,  B io t e c h n o l o g y  L e t t e r s ,  1 8 ,  1 0 ,  1 1 5 5 - 1 1 6 0 .
1 2 5 .  M a t h e w s ,  C . K .  a n d  v a n  H o l d e ,  K . E . ,  ( 1 9 9 0 ) ,  B i o c h e m i s t r y ,  T h e  B e n j a m i n  /  
C u m m i n g s  P u b l i s h i n g  C o m p a n y ,  I n c . ,  U S A .
1 2 6 .  M cD e r m o t t ,  G . N . ,  ( 1 9 8 2 ) ,  E n v i r o n m e n t a l  a s p e c ts  o f  a n i m a l  a n d  v e g e t a b le  o i l  
p r o c e s s in g ,  In :  B a i l e y ’ s I n d u s t r i a l  O i l  a n d  F a t  P r o d u c t s ,  V o l u m e  2 ,  f o u r t h  e d i t io n ,  
E d :  S w e m ,  D . ,  W i l e y  In t e r s c ie n c e .
1 2 7 .  M e n d o z a - E s p i n o s a ,  L .  a n d  S t e p h e n s o n ,  T . ,  ( 1 9 9 6 ) ,  G r e a s e  b i o d é g r a d a t io n  : Is  
b i o a u g m e n t a t io n  m o r e  e f f e c t i v e  t h a n  n a t u r a l  p o p u la t io n s  f o r  s t a r t - u p ? ,  W a t e r  
S c ie n c e  a n d  T e c h n o l o g y ,  3 4 ,  5 - 6 ,  3 0 3 - 3 0 8 .
1 2 8 .  M e t c a l f  a n d  E d d y ,  I n c . ,  ( 1 9 9 1 ) ,  W a s t e w a t e r  E n g i n e e r i n g ,  T r e a t m e n t ,  D is p o s a l ,  
R e u s e ,  T h i r d  E d i t i o n ,  M c G r a w  H i l l  I n c . ,  N e w  Y o r k .
1 2 9 .  M e r l i e r ,  A . M . O . ,  B o i r e ,  J . M . ,  P o n s ,  J .B .  a n d  R e n a u d ,  M . C . ,  ( 1 9 8 4 ) ,  S t r a in  o f  
T r i c h o d e r m a  h a r z i a n u m ,  i ts  is o la t io n ,  i ts  c u l t u r e ,  p e p t id e s  o r  c o m p o u n d s  p r o d u c e d  
b y  t h is  s t r a in  a n d  a p p l i c a t i o n  o f  t h is  s t r a in  a n d  th e s e  p e p t id e s  o r  t h e  p r o d u c t  
p r o d u c e d  b y  t h e  c u l t u r e  p r o c e s s  a s  a  m e a n s  f o r  b i o l o g i c a l  c o n t r o l  i n  t h e  f o r m  o f  a n  
a g r i c u l t u r a l  f u n g i c i d e ,  E u r o p e a n  p a t e n t  E P  1 2 4 , 3 8 8 .
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1 3 0 .  M o r r i s o n ,  R . T .  a n d  B o y d ,  R . N . ,  ( 1 9 9 2 ) ,  O r g a n i c  C h e m i s t r y ,  s i x t h  e d i t io n ,  
P r e n t ic e  H a l l  I n t e r n a t i o n a l ,  I n c . ,  N e w  J e r s e y .
1 3 1 .  M u ñ o z ,  G . A . ,  A g o s i n ,  E . ,  C o t o r a s ,  M . ,  S a n  M a r t i n ,  R .  a n d  V o l p e ,  D . ,  ( 1 9 9 5 ) ,  
C o m p a r i s o n  o f  a e r i a l  a n d  s u b m e r g e d  s p o r e  p r o p e r t ie s  f o r  T r i c h o d e r m a  h a r z i a n u m ,  
F E M S  M i c r o b i o l o g y  L e t t e r s ,  1 2 5 ,  6 3 - 7 0 .
1 3 2 .  N a k a n o ,  K .  a n d  M a t s u m u r a ,  M . ,  ( 2 0 0 1 ) ,  I m p r o v e m e n t  o f  t r e a t m e n t  e f f i c i e n c y  o f  
t h e r m o p h i l i c  o x i c  p r o c e s s  f o r  h i g h l y  c o n c e n t r a t e d  l i p i d  w a s te s  b y  n u t r i e n t  
s u p p le m e n t a t io n ,  J o u r n a l  o f  B i o s c ie n c e  a n d  B i o e n g i n e e r i n g ,  9 2 ,  6 ,  5 3 2 - 5 3 8 .
1 3 3 .  N a s c i m e n t o ,  A . E .  a n d  C a m p o s - T a k a k i ,  G . M . ,  ( 1 9 9 4 ) ,  E f f e c t  o f  s o d iu m  d o d e c y l  
s u l f a t e  o n  l ip a s e  o f  C a n d i d a  l i p o l y t i c a ,  A p p l i e d  B i o c h e m i s t r y  a n d  B i o t e c h n o l o g y ,
4 9 ,  2 , 9 3 - 9 9 .
1 3 4 .  N e v a l a i n e n ,  H .  a n d  N e e t h l i n g ,  D . ,  ( 1 9 9 8 ) ,  T h e  s a f e t y  o f  T r i c h o d e r m a  a n d  
G l i o c l a d i u m ,  In :  T r i c h o d e r m a  a n d  G l i o c l a d i u m ,  V o l u m e  1 , E d s :  K u b i c e k ,  C . P .  a n d  
H a n n a n ,  G . E . ,  T a y l o r  a n d  F r a n c is  L t d . ,  L o n d o n .
1 3 5 .  N o v a k ,  J .T .  a n d  K r a u s ,  D . L . ,  ( 1 9 7 3 ) ,  D e g r a d a t i o n  o f  lo n g  c h a in  f a t t y  a c id s  b y  
a c t iv a t e d  s lu d g e ,  W a t e r  R e s e a r c h ,  7 ,  8 4 3 - 8 5 1 .
1 3 6 .  O k u d a ,  S - I . ,  I t o ,  K ,  O z a w a ,  H .  a n d  I z a k i ,  K ,  ( 1 9 9 1 ) ,  T r e a t m e n t  o f  l i p i d -  
c o n t a in in g  w a s t e w a t e r  u s in g  b a c t e r ia  w h i c h  a s s im i la t e  l ip id s ,  J o u r n a l  o f  
F e r m e n t a t i o n  a n d  B i o e n g i n e e r i n g ,  7 1 , 6 ,  4 2 4 - 4 2 9 .
1 3 7 .  O i l  C l e a n i n g  B io - p r o d u c t s  L t d . ,  ( 2 0 0 2 ) ,  [ o n l i n e ] ,  a v a i l a b le :  
h t t p  : / / w w w .  o c b p  .c o .u k .
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1 3 8 .  O n io n s ,  A . H . S . ,  A l l s o p p ,  D .  a n d  E g g in s ,  H . O . W . ,  ( 1 9 8 6 ) ,  S m i t h ’ s In t r o d u c t i o n  
t o  I n d u s t r i a l  M y c o l o g y ,  7 th e d i t io n ,  E d w a r d  A r n o l d  ( P u b l i s h e r s )  L t d . ,  L o n d o n .
1 3 9 .  P a p a n i k o l a o u ,  S . ,  C h e v a l o t ,  I . ,  K o m a i t i s ,  M . ,  A g g e l i s ,  G .  a n d  M a r c ,  I . ,  ( 2 0 0 1 ) ,  
K i n e t i c  p r o f i l e  o f  t h e  c e l l u l a r  l i p i d  c o m p o s i t io n  i n  a n  o le a g in o u s  Y a r r o w n a  l i p o l y t i c a  
c a p a b le  o f  p r o d u c in g  a  c o c o a - b u t t e r  s u b s t i tu te  f r o m  in d u s t r i a l  f a ts ,  A n t o n i e  v a n  
L e e u w e n h o e k  J o u r n a l  o f  M i c r o b i o l o g y ,  8 0 ,  2 1 5 - 2 2 4 .
1 4 0 .  P a p a n i k o l a o u ,  S . a n d  A g g e l i s ,  G . ,  ( 2 0 0 2 ) ,  L i p i d  p r o d u c t io n  b y  Y a r r o w i a  
l i p o l y t i c a  g r o w i n g  o n  in d u s t r i a l  g l y c e r o l  i n  a  s in g le - s t a g e  c o n t in u o u s  c u l t u r e ,  
B io r e s o u r c e  T e c h n o l o g y ,  8 2 ,  4 3 - 4 9 .
1 4 1 .  P a q u o t ,  C .  a n d  H a u t f e n n e ,  A . ,  ( 1 9 8 7 ) ,  S t a n d a r d  m e t h o d s  f o r  t h e  a n a ly s is  o f  o i ls ,  
f a t s  a n d  d e r iv a t i v e s ,  B l a c k w e l l  S c i e n t i f i c  P u b l ic a t io n s .
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A p p e n d ix  A
Key to the classes of Deuteromycotina (following Ainsworth, 1973)
I Budding (yeast 01 yeast-like) cells with or without
pseudomycelium characteristic, true mycelium lacking or
not w ell-d evelop ed  ............................................................................... . M astom vcctrs
I '.  'Vtvcelium well developed, assimilative budding cells
absent ................................................................................................ 2
2. Mycelium sterile or bearing spores directly on special 
branches (conidiophores) which may be variously aggre­
gated  but not in p ycn id ia . pycnothria , aeervuli or strom ata U y p h o m y iw s
2'. Spores in pycnidia. aeervuli. pvenothyria or stromata ..........  CQi'fomyicrps
K e y  t o  f a m i l ie s  i n  t h e  c la s s  H y p h o m y c e t e s  f r o m  O n i o n s  e t  a l .  ( 1 9 8 6 ) .
Key to the Hyphomycetcs (following Saccardo)
1. Mycelium sterile ......................................................................... Ay¡l)iuun
oi .V/vt elm 
sicriha
I' Mvceiiiim bearing spores ......................................... ................
2. Conidiophores s e p a r a te ..................................  ..................... Moniliuies 3
2 ’, Conidiophores in synnemata .............................   ............ ....... MUbellacmtf
2 " . Conidiophores in sporodoehia ...............................  Tubercular-
iuceue
3. Mycelium and conidia hyaline ..................  ......  .  ......   'MmnltiM’ü?
3 , Mycelium and/or conidia dark coloured ................ . OctfíQtiüiVúv
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A p p e n d ix  B
MONILfALES
l,i C i iti 'K >i k-'.-s *. till-, il 'H -.(’ii iil;> ciirwM ii\ .iliiu ■ tr il is k i p i i i s m  Mi ■mli.ice.n.
D en u li ko :11■ nini I uhsrciiAali.nc.u i .










C onid iopho icx  toii iiinu a sporodoclliuni . . . . .
C o n id iophore s  single o r  in loose elusici* . . . .
Conklin I cml flat ....................  ........................
Coni dl ul  coi l  in loose spiral  . . .
Sporodocltia  stalked : eonidi.i septa te  . . .
Spm odoclt i . i  flat o r  lushiiwi-sluipcd: v i>nidu I-celled
Spore  coil  m o ie  o r  les.s t la l lc n c i l . ilol ¡u1U;i Ik  ....................
Spor e  coil spiral ; not  aquat ic . . .  . ....................
Conidia  m or e  oi less globoid.  t u n n y  b l anc hed  separale coils; ai |uatK
Conidia t l i k k  in p r opdf t iun  lo lenyth . . . .
( mildly f i laments  slemlci
C onid ia  In aline or  dark ,  \\i lli  (rails'.else si pia ■ ml\  . . .












Conidia in simple coil ;iu>t bcaked 
Conidia raciiuet-slupiid .  willi a bcak
ParasiUc on higher p lants  . . .  
Supruphy tic on w o o d  o r  bai k . .
C o n id iophore s  liyaline, short 
C o n id io p h o re s  dark ,  tali
( 'on id ia  b u ine  s ingh . .
( 'onklia  caleiUilate ........................
B oth  eonidja and con id iophores  (il p resen t)  hyaline or bri 
pliores single or in loose clusters ( Moniliaeeae ) . . . .
F i th e r  collidili o r  conk liophores  (o r  bo t i l i  with d is t inc t  dark 
single o r  in loose c lusters (Dem atiaceaeI  ........................
C on id iophores  co m p ac ted  in to  spo io d o ch ia  o r  synnem ata
Coiiidia typically I -eelled. globose to c \  hndrical 
Conidia ty picidly 2-celled, m ostly  ovoid to cylindrical 
Conidia  typically .V to several-celted. shape variable . .
Ih>h.'" >l id 
IwcriuiritJ
i h c / h l l l m  ' t i l l s
Siiiri.npiiih-iti
. . tir i immilli*
/Ultiumiltà 
ffelli orna
. ¡MU m m  i cv 
lid i,  in/Jiintuii
. . . Ih'Ui'unU 
. lldianulcuàrnn
ulltl.s colored conidio- 






















I 4a (.’onttliophorvs absent or reduced to plnalides or pcglikc slcrigmala I 5
14b Omidiophore^tisliiict. although soinotimes shairi..................  24
15a Pathogenic lo humans.................................  16
15h Snprophvlie. mostly in soil or on plant parts .........  . . . . 17
Ifai Mkuuenioiisin cultutf at 25 ( . . .  /Ifoyhi/NHi'.» 76
I t f  l'i/ tliiv iri 76
I()1> Molli filaments and yeasilikc cells ar 2' < ...... .. (. a>h1idn i>4
I‘a I onuli.t lailhiospoics'i lui iiii-d l»> segmentation ol mycelium .... . . !v
l’b Collidili noi arthrospores . ..... . . ........ It
I .s.i lorming small Compact colonies on agar . ...... S t r v p t o m  rrrv 62
I Mi Mycelium spreading on agar .......  .  ........  ck 'n n h h u n x  62
I Va Sotue absent . .......................... 20
|*H> Setae present. branched or coded X  trt im tH w hum »VA
( iv H tih r lx  $6
20a Mvvoliuni with clamp connections ... . ... .... 21
20b Mycelium without damp conned ion;, . . . ................  22
21a Spore*, not forcibly discharged; attacking microscopic animals . W -itm im  68
2lh Spores forcibly discharged, noi attacking microscopic animals . . I l t r o u t l lw  r>1
22a Sonic spores budding or producing sccoiulary spores ........  2 s
,”b Conidia not Torni trig secondai y spofiN fi‘ I
2.*a Spotes. borne on sterigmala and forcibly discharged . . $pi»'<>h<>lniu\\ c s  (>4
2.»b Spores borne on sides ol mycelium, not forcibly discharged ...... C tiiiJ iJn  64
24a Conidi.il slate of powdery mildew, conidia m chains ... O u lium  64
24b ( onidial state ol powdery mildew comdia not in chains O v n lu n a p u - 64
_'4c Not coutil lai stales of powdery mildews ............. \s
25: iComdiopbore cclls distinct from conidia . . 2ft
25 b ( on id la not dil'lcring greatly from jpic.il cells of couidiophores \U>mliu 66
-'i'.i Comdiophores <■ » phiulides) simple or sparingly branched' pltiaiides. il present, not
tigluly clusiered ................................  . 27
2<>b ( 'omdiophorcs mostly branched, sometimes simple, phialides. if present. in -.'roups oiheads ......................................  . . -II
27a (oimliu culetuilale ....................... ... 2*
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4-;i PliiiilklCs in Ireads on $iinpk* i:onì<j|ioplioris . ....................... 4.*
liliùtlidcs nt>i in hc;i(H: conid'uiphoRs ttstially braniln*d ....................................... 44
43.i Con iti i.i lift. no stime ptvseni.................................................................... . ,ispetgiUus 'tu
43b Conciliti in head ol lime. siibU-ndiid bv >U silv biaiu-hos (HhH'vphaU•tnvhmt VO
43v (' »nivlisi in ln*:uls or sliiiK'. M'ilhom slorili'bi'itnolios (ilicccpItiiH* VO
44)1 Conili»! in basipotal iliaius .................... . . . . . . . .  45
44b ( vintili.!I taiUirospiMevichains fornicd by segmi'iitation . . .......................... 47
45» < onidiòpbot» noi in layer or cotumn . . . .  . . . .  4ft
45b < 1 iniilii'phv'tvs groupcd inlo loosv lavi-r nr l'olumn Mi larrhi:ium VU
M vioiluiitnn b1()
lo a Conidia pltialospotvs: phiulides divergetti. loosv l\u\iltè>itu(>.< vo
4(il Collidili pliialospores: pliialidis upitj'.lit. brusliliki Penti tlliuiit VI/
4(>v' (omdia antu4losporos . . .  . ................ . . .  . . . ,S< oputuri<tp\i.< v4
17a Vi’tliro.spoix’.s barrel-shapcd. so parato il bv short slcmlcr vili.................\mbty asportiti» 62
4Vii Artllmspoivs rod-shapi'il. noi separatod bv ceHs . Oitlim/eittlroii 62
4Kìi I argj» rongh-wallcd nleuriospOK's prcsvffil ............. .......................... 4‘>
4Sb largì* louyii-ivallvd ulvuriospoics absvnl................... . MI
4‘).i A leunosporc' I-l’Clloil. witlt ot withotit In aline oiii.uroivllis S'tepltunniffii 76
Scpi-tli'limili 76
4‘>b AlviuioxpotVv witlt aliaelted colorless bits.i! ivi! . . .  Mvcnguni 76
< 'hhini\ ili/inì t t ' 76
50» Conidia produeed al or ncai apex ol plrhdides ot branclics ol conidiophoros 51
50b Cónidi:! attachvd bolli al a|.v\ and side ol' oonidioplioio ot its braiiclii-s . (iti
51 a I jirjicr vonidiophoiys tal leasJ l veri¡Citiate . ............................... . 52
5lb Brani Ih * ol eoiudiuplloie irrejmlat. noi veli ¡dilati . . .  5!
52a Plualospores in inuoilajynous iluslcts . . .  . . .  IcrltcìUiiiin (tu
>2b Sympodulospores in dry diistcr*: .......................................... ( akiiiis/niriiini v,s'
5.<a Noi at|ualit . . . ........................................... .......................... 54
S.'b /\({tialiv ou submerged dfad leaves ................................ Diinurphu'ipont 66
54a Cuiudia not agirregatod in siimi* drops ...................... ....................................... 55
541» ( onldia lictd in lieads by sljiue drops . . .  7^
55u ( onidi.i aluindani. borin-oli inllatod apii'al tvlls . . .  50
5*h ( »india single ot in small. cluslcrs. rimi oh inlìatctl cclls . . . .  >.s
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5o.t ( 'onidiophoies (all willi cvtiiril .iMs and * . rat •.‘|iul. blci.il lnank.hvs. Unti m/'uriuiti 70
ini» Coniiliophoios l'tll wiili diohoiontous 01 inv/u!.*: bumbcs . Uniri //» 70
5ftc Conidiophoros .>hotl »vtih lew l'ianclies . . . I’Iimìi.iIi 'iruliiun 72
57a Conidiophore blandios briislilike. siiliilai lo f\ uh ilinun <iln uhulimn SS
571» Conidiophoiv hrainhes spiv;ul¡n¡!. noi biusliiikr . . Irieltuilcrin.i #8
5-S.i Coniriiopliore branche» loo*o. oomdia ustiully progni
5X1» Conidiophorc hranches conipacied min dolose or j »iminiai head, ■••onidia oneri
u h sen t................. . ............................ ....................... Crisi tiliirh-ìlii A.\'
50a Conidia svmpodutusponís. borilo on short doiitioles . . >JI
,Y. HÌulmpi itllllll 96
5«>b Conidia ateuiiospoi'cs. noi on tien ite le» .................................... . . JJnlrynmvtiUllI 7.S’
(>Ua l'ertilo portici) «il conidiophorc tir /ne. i';k hisltke 01
001» Fertile poiiion oi coiiidiophnre «<•»! /iy /.ii* or i idtHikc 0 l
O li Conidiophores simple ii voiiieillaldy brani lud ti 2
OH» CoitidiophoiVN il rejiiilarlv bi.mehed . . Cu Uh uh Impilinoli W
\b(iilli<i>t i non <16
(>2n Conidiophores btilbousal buso: parasìtic on insects . . . . . . .  IJcttiivcriii 96
021» (onidiophoies noi bulbous al baso, noi oi» insecls . . . 1 ri!¡rutililim VA
o.la Conidia borite 011 doni icios isharpoi bhinli . . . o4
0.<li Conidia noi borne un denudes .............................. SO
M a ( 'onidiophores slendei . . . . • i * » 0>
041» Conidiophores sioul . . . . . . 00
65a Conidiopltoros producimi lorked tonile branche* near apox . . . Ostracndcrnui 7-1
o5b Conidiophores wiili slendci bianches lYoni inaio :ixis ............. 98
Oda Conidia on sii ori den tictes ........................................................... . Khlmi/rit'liiini 70
661» Conidia on stender clongated don l i e t e * ........................................ . . . Olpitrlchwn 68
07a Conidiophores vvell developed brunehed . . . . • * 0«
07b Conidiophores dislinu. snnpte or sparingtv biaiKhcd . . . . . . • _ & . * , 7 f
G7e C ondiophores none, redueed io oolls ol stroma . Rliyiiihti\¡>iiriion 10-1
OXa ( onidia (svinpodnlospores) ovoid tooblong i»9
OSI» Conidia (syinpodlilospnres) dbovoid .............................. . . (intit ularía 1 06
OS c ( 'onidia (.phiatosporos) stender, cylindrical . . . . Ci  liritlrneliitliitin 104
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A ppendix C
Identification report from  Deutsche Sam m lung von M okroorganism en und 
Z ellkulturen G m bH  for filam entous fungi F2 and F9
Strains ‘F2’ and ‘F3’ in the report were two samples of Filamentous fungus F2. 
Strain ‘F I ’ in the report was filamentous fungus F9
ÜGUteche Sammlung von 
Mikioorganismnn und a 
Zellkulturen GmbH Jm
Identification of Fungus cultures
Sunt by: Dublin Clly Uniwa'aty Dr J Fferwng 
Strain designation: F i F2. F3 
Substrate: aeiivated sludge
Colony habit;
Colonv on innltexlfiif-.i-igiir al 25 C lilluty Iho Peln-disti within 3 days, mycelium hyaline 
sponttflltntl areas tutted, green Colony leverse colaw unchanged No odour No growth at
XI c
Morphology:
Comuiopnoies tree-like, branched ai nghi angles, leiiglh ot branches increasing 10 the basis. no 
slerne appendages Phialldes flask shaped, siraighl or hent. arranged mostly In groups ol Ihruo 
m ihe • in  ol brandies Comma ellipsoidal lo sohaeiical. smooth-walled 3-3.5 x 3 urn
Identity: Tiinluwoitih'i (¡arz&wiwn Rllni
DSM-fieim.. no Samr-iluiiy uon Mlkro- Braunschweig, 311 98
L', I)nnrsi::i.-n jtu i Zullkuliureu GmbH
RamaiKs tn i' spmulaliny abilities nl isolates F2 and F3 are strongly reduced. II is possible Ilia! this is 
o >■ ii. inciitiatinu -uliures in Ihr nark Sporulaling areas on wood chips show Ihe same conldiophore
pattern as strain r  I
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Appendix D





Figure 60: Reproductive structures of the genus Trichoderma. (A) and (B) large 
conidiophores showing extensive branching; (C) and (D) phialides showing 
production of conidia; (E) conidia (Barnett and Hunter, 1972)
Figure 61: Reproductive structures of the genus Botryotrichum. (A) conidiophores 
with aleurispores; (B) phialides with phialospores (Barnett and Hunter, 1972)
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Figure 62: Reproductive structures of the genus Hansfordia. (ÂJ conidiophores 
bearing conidia; (B) conidia (Barnett and Hunter, [972)
Figure 63: Reproductive structures o f the genus Nodulisporium. (A) conidiophores 
and conidia o f Hypoxylon sp.; (B) and (C) conidiophores and conidia o f Hypoxylon 
atropunclatum (Barnett and Hunter, 1972)
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From: George Aggelis <George.Aggelis@aua.gr>
To: john.fleming3@mail.dcu.ie 
Cc:
Subject: modelling microbial growth on oils etc 
Sent: Thu, 07 Feb 2002 10:32:55 +0200
Dear John Fleming,
Thank you for your e-mail concerning our work in Grasas. This was our first 
attempt to model growth of oleaginous microorganisms on vegetable oils.
1. How are the constants calculated for vegetable oil? Are they calculated 
using data from the full 10 days of incubation, or just using data from 
the first stage of growth?
They are calculated directly from eq. 10 (non linear regression) and also 
from eq. 7 (the k l)  and eq. 9 (the lc2)
2. Is it correct to calculate k l from a plot of XL + L against ln(x) ? In(x0)? 
Yes because k l is the degradation constant of the fat and therefore is 
related to x (see eq. 7).
3. Is it correct to calculate k2 from a plot of ln(L) against time?
Eq 8 is an empirical equation.
4. In your opinion, could it be possible to apply your model to the growth 
of a Trichoderma species on animal fat?
You can try with this model (and better with the advanced version published 
in Antonie, 1997, see below). However in our lab we had some problems to 
apply these models on Yarrowia lipolytica growing on animal fat. This is 
because Yarrowia lipolytica discriminate against stearic acid, and for this 
reason we currently work with a modified version which considers this 
metabolic discrimination.
5. You can find related works of our team on this subject:
1. On the production of SCO (mainly PUFA) - regulation
1.1. Using glucose, citric acid, glycerol as substrates
G.AGGELIS, M.PINA, R.RATOMAHENINA, A.ARNAUD, J.GRAILLE, 
P.GALZY, P.MARTIN
et J.PERAUD (1987) Production d'huiles riches en acide gamma linolenique 
par diverses souches de Phycomycetes. Oleagineux, 42, 379-386.
G.AGGELIS, R.RATOMAHENINA, A.ARNAUD, P.GALZY, P.MARTIN, 
J.PERAUD, M.PINA et
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J.GRAILLE (1988) Etude de l'influence des conditions de culture sur la 
teneur en acide gamma linolenique de souches de Mucor. Oleagineux, 43,
311-317.
G.AGGELIS, M.PINA et J.GRAILLE (1990) Localisation de l'acide gamma 
linolenique dans les mycelium et dans les spores chez deux mucorales.
Oleagineux, 45, 229-232.
G.AGGELIS (1996) Two altermative pathways for substrate assimilation by 
Mucor circinelloides. Folia microbiol., 41, 254-256.
G.AGGELIS, D.STATHAS, N.TAVOULARIS & M.KOMAITIS (1996) 
Composition of
lipids produced by some strains of Candida species. Production of single 
cell oil in a chemostat culture. Folia microbiol., 41, 299-302.
G.AGGELIS & M.KOMAITIS (1999) Enhancement of single cell oil production 
by Yarrowia lipolytica growing in the presence of Teucrium polium L. 
aqueous extract. Biotechnol. Lett., 21(9), 747-749.
A.KAVADIA, M.KOMAITIS, I.CHEYALOT, F.BLANCHARD, I.MARC,
G.AGGELIS (2001)
Lipid and gamma linolenic acid accumulation in strains of Zygomycetes 
growing on glucose. J. Am. Oil Chem. Soc., 78(4), 341-346.
S.PAPANIKOLAOU & G.AGGELIS (2002) Lipid production by Yarrowia lipolytica 
growing on industrial glycerol in a single-stage continuous culture.
Bioresource Technol., 82(1), 43-49.
H.GEMA, A.KAVADIA, D.DIMOU, V.TSAGOU, M.KOMAITIS & G.AGGELIS 
(2002)
Production of a-linolenic acid by Cunninghamella echinulata cultivated on 
glucose and orange peels. Appl. Microbiol. Biotechnol. (in press).
I.2. Using vegetable oil as substrate
G.AGGELIS, M.KOMAITIS, G.DIMITROULIAS, M.PINA et J.GRAILLE (1991) 
Possibilité de production d'acide gamma linolenique par culture de Mucor 
circineloides CBS 172-27 sur quelques huiles vegetales. Oleagineux, 46,
208-212.
1.3. Using animal fat as substrate
S. PAPANIKOLAOU, I. CHEVALOT, M. KOMAITIS, G. AGGELIS & I. MARC
(2001)
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Kinetic profile of the cellular lipid composition in an oleaginous Yarrowia 
lipolytica capable of producing a cocoa-butter substitute from industrial 
fats. Antonie van Leeuwenhoek-J.of Microbiol., 80(3/4), 215-224.
S.PAPANIKOLAOU, I.CHEVALOT, M.KOMAITIS, I.MARC & G.AGGELIS 
(2002) Single
Cell Oil (S.C.O.) production by Yarrowia lipolytica growing on an 
industrial derivative of animal fat. Appl. Microbiol. Biotechnol. (in press).
2. Fatty acid specificity
J.SAMELIS, G.AGGELIS & J.METAXOPOULOS (1993) Lipolytic and microbial 
changes during the natural fermentation and ripening of greek dry sausages.
Meat Science, 35, 371-385.
G.AGGELIS, M.KOMAITIS, M.PINA & J.GRAILLE (1993) Specificity o f Mucor 
miehei lipase on methyl ester substrates. Grasas y Aceites, 44, 331-334.
G.AGGELIS, G.MAMALAKIS & M.KOMAITIS (1995) Fatty acid specificity 
(typospecificity) of some microbial lipases. La Rivista Italiana delle 
Sostanze Grasse, LXXII, 211-213.
G.AGGELIS, G.PAPADIOTIS & M.KOMAITIS (1997) Microbial fatty acid 
specificity. Folia microbiol., 42, 117-120.
3. Modelling
G.AGGELIS, M.KOMAITIS, S.PAPANIKOLAOU & G.PAPADOPOULOS (1995) 
A
mathematical model for the study of lipid accumulation in oleaginous 
microorganisms: I. Lipid accumulation during growth of Mucor circinelloides 
CBS 172-27 on a vegetable oil. Grasas y Aceites, 46, 169-173.
G.AGGELIS, M.KOMAITIS, S.PAPANIKOLAOU & G.PAPADOPOULOS (1995) 
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